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The relative abundances of isotopes have been investigated extensively in recent 
years, but few researches of such ratios when one isotope is very rare have been re- 
ported. We have investigated a number of samples of hydrogen from various sources, 
water from the crater of Mt. Kilauea, an obsidian, Devonian water, and hydrogen 
from helium bearing natural gases. The spectrographic method used for detection is 
not free from objections, but the results show that there is no appreciable variation of 
abundance of H? in the samples investigated. 


HE question as to whether the relative abundances of isotopes vary in 

different samples of elements has interested many investigators in recent 
years, because any variation would give evidence that transmutation re- 
actions are progressing on the earth or that the elements as found on earth 
have not been thoroughly mixed.' These researches have shown no such 
variation with the possible exceptions of boron and lithium. It seems prob- 
able that the variations reported in the case of lithium are due to the dif- 
ferent methods used and also that the observed differences in the atomic 
weights of boron may possibly be due to systematic errors due, for example, 
to variations in impurities. At least there exists no certain evidence for any 
variation in relative abundances of isotopes. 

In spite of these negative results, it seemed worth while to investigate 
natural hydrogens to see whether any source of hydrogen containing ap- 
preciably larger amounts of H? than that contained in meteoric water could 
be found. The probable disintegration of nuclei by cosmic rays might produce 
small amounts of certain nuclei and if these are rare relative to other isotopes, 

1 QO. Hénigschmid and Birckenbach, Ber. 56, (B) 1467 (1923); H. V. A. Briscoe and P. L. 
Robinson, J. Chem. Soc. 127, 696 (1925); and Stephenson, ibid., 70 (1927); ibid., 150 (1925); 
and Smith, ibid., 282 (1927); Cousens and Turner, ibid., 2654 (1928); G. P. Baxter and T. 
Thorvaldson, J. Am. Chem. Soc. 33, 337 (1911); Baxter and C. R. Hoover, ibid. 34, 1657 
(1912); and L. W. Parsons, ibid. 43, 507 (1921); and Hilton, ibid. 45, 694 (1923); and M. J. 
Dorcas, ibid. 46, 357 (1924); Mile. I. Curie, Compt. Rend. 172, 1025 (1921); Mlle. E. Gleditsch 
and B. Samdahl, ibid. 174, 746 (1922); W. D. Harkins and S. B. Stone, J. Am. Chem. Soc. 37, 
1367 (1926); J. N. Brénsted and Hevesy, Nature 109, 813 (1922); Jaeger and Dijkstra, Proc. 
K. Akad. Wetensch. Amsterdam 27, 393 (1924); A. D. Munro, J. Chem. Soc. 121, 986 (1922); 
Muzaffar, J. Am. Chem. Soc. 45, 2009 (1923); Willard and McAlpine, ibid. 43, 797 (1924); 
Weatherill, ibid. 46, 2437 (1924); A. Elliott, Zeits. f. Physik 67, 75 (1931); Nature 126, 203, 
845 (1930); F. W. Aston, Nature 128, 149 (1931); van Wijk and v. Koeveringe, Proc. Roy. 
Acad. 132, 98 (1931); Morand, Thesis, Paris, (1929); H. Schiiler, Die Naturwiss. 19, 772 (1931); 
J. L. Hundley, Phys. Rev. 30, 864 (1927). 
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a small amount of such a transmutation reaction might give a sufficient 
change in the isotopic ratios to be detected. Such a case of a rare isotope is 
furnished by the H? isotope reported by Urey, Brickwedde and Murphy.’ 
Further Menzel’ reports that the H® isotope must be very rare in the sun and 
thus it seemed to us well to be certain whether any large variation in abun- 
dance of this nuclear species could be detected in terrestrial sources of hydro- 
gen. 
SAMPLES AND EXPERIMENTAL METHOD 


The samples of hydrogen investigated consisted of water collected by Dr. 
E.S. Shepherd from the crater of Mt. Kilauea in 1912, an obsidian containing 
about 0.75 percent of water from Cerro Noagua, New Mexico, a sample of 
water containing dissolved chlorides of sodium and magnesium trapped in the 
Devonian rocks of New York State secured by Professor C. P. Berkey in 
1920, and hydrogen of helium bearing natural gases from the Cliffside and 
Panhandle gas fields in Texas. The water from the Kilauea samples was sepa- 
rated from other gases by collecting the water in a CO, trap and pumping the 
other gases out with a Toepler pump. The obsidian water was secured by 
heating the obsidian under vacuum in a quartz tube at ~ 1000°C. The natural 
gases were passed over copper oxide to oxidize the hydrocarbons to water and 
carbon dioxide and the water was collected in a CO, trap. The connate water 
was used without purification. 

These samples of water were introduced into the discharge tube used in a 
previous research? which was about 40 cm long, 8 mm inside diameter and 
carried about one ampere current. The H@ lines were photographed in the 
second order of a grating with a dispersion of 1.3A per millimeter. D.C. Ortho 
Eastman plates were used which gave lines free from excessive irradiation and 
hallation. The second order symmetrical ghosts in the second order of the 
grating appear to have about the same intensity as the H’8 line from meteoric 
water. The exposure times used for all samples were ten and twenty minutes. 

Visual observation as well as microphotometer curves show that there is 
no detectable difference between the special samples of water investigated 
and ordinary laboratory distilled water. The method of investigation is open 
to objection because of the partial reabsorption of the H! lines in the dis- 
charge tube.* However the conditions of the discharge tube were very nearly 
constant for all samples investigated and any marked differences in abun- 
dances would have been detected although the relative abundance cannot 
be satisfactorily determined. 

We are indebted to Dr. E. S. Shepherd of the Carnegie Institution of 
Washington for supplying us with the Kilauea water and the sample of ob- 
sidian used; to Professor C. P. Berkey for the connate water and to Mr. R. A. 
Cattell of the United States Bureau of Mines for the helium bearing natural 
gases. 


2 H.C. Urey, F. G. Brickwedde, and G. M. Murphy, Phys. Rev. 40, 1 (1932). 
3 —D. H. Menzel, Publ. Ast. Soc. Pacific 44, 41 (1932). 
4 H.C. Urey, F. G. Brickwedde, and G. M. Murphy, Phys. Rev. 40, 464 (1932), 
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Equivalent Chemical Bonds Formed by s, p, and d Eigenfunctions* 


By RALPH HULTGREN 
California Institute of Technology 


(Received April 25, 1932) 


1. The work of Pauling on the linear combinations of eigenfunctions to form bond 
functions has been extended. 

2. A theorem concerning the maximum strength in a given direction of a bond 
function orthogonal to existing bond functions has been derived. It is found that the 
strongest bond functions must lie at such angles to one another that the maximum 
of each coincides with a node of each of the others. 

3. A general expression for equivalent Pauling bond functions formed from linear 
combinations of s, p, and d eigenfunctions has been derived. 

4. By assuming the bond functions to havecylindrical symmetry, like the best pos- 
sible bond functions, the equations can be readily solved. It is found that equivalent 
cylindrical bond functions will be orthogonal if the angles between every pair have no 
more than two values. The angles must be greater than 54°44’ and their sum must be 
greater than 180°; otherwise they are unrestricted. No more than six such bond func- 
tions may be formed. Solutions for six and less equivalent bond functions are given. 

5. There are only four possible configurations for six equivalent cylindrical bond 
functions. Two of these are much weaker than the other two and so are improbable. 
The configurations for the stronger bond functions are in striking agreement with the 
only two structures, the octahedron and the trigonal prism, which are found exper- 
imentally. 

6. A discussion of the factors influencing bond energies is made and examples of 
chemical compounds cited. It is predicted that the structure of P, is that of a tetra- 
hedron with a P atom at each corner. 


I. INTRODUCTION 


N THE theory of directed bonds of Pauling and Slater the bonds formed 

by a given atom tend to assume certain directions relative to one another; 
namely, those in which the single electron eigenfunctions of the atom have 
their maximum concentration, permitting maximum “overlapping” with the 
eigenfunctions of the other atoms with which bonds are formed. The predic- 
tion of bond angles is reduced by this theory to the determination of these 
directions; moreover, some information regarding the strength of a bond 
can be obtained from the consideration of the amount of concentration of 
the bond eigenfunction in the bond direction. 

In the simple approximate treatment given by Pauling,’ it is assumed that 
the bond eigenfunctions are formed by linear combination of a set of eigen- 
functions 

Vrmm(r, 0,6) = Rar) P:'™!(cos 0)} A cos md + B sin mo} 


(P,™ (cos @) is Ferrer’s associated Legendre polynomial) 


* (Contribution from Gates Chemical Laboratory, Califoraia Institute of Technoiogy, No. 
317.) 
1 Linus Pauling, J. Am. Chem. Soc. 53, 1367 (1931). 
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which have approximately the same energy. The coefficients in the linear 
combinations are determined by a consideration of the @, @ parts of the func- 
tions only, it being assumed that the 7 parts are similar (though not identical) 
in all of the functions. Neglecting the r part, the eigenfunctions with /=0, 
1, and 2, - - - normalized to 47, are: 


s = P,"(cos 6) =| 

p: =(3)'?P,% (cos 6) = (3)'* cos 6 

pb: =(3)"*P,'(cos @) cos @ = (3)'" sin 6 cos @ 

py =(3)'?P\ (cos 8) sin ¢ =(3)' sin @ sin @ 

d, =(5)'*P.%(cos 6) = 3(5)'2(3 cos?6—1) 
dri {(15)! 2 3|P.\(cos 0) cos @ =(15)!2sin @ cos 6 cos @ 
dys2=|(15)"2/3|P.'(cos 6) sin @ =(15)""sin @ cos 6 sin @ 
d, ={|(15)'2/12]P2(cos @)cos 26 =43(15)"?sin’@ cos 2¢ 
dexy=|(15)"2/12]P.2(cos @)sin 26 =43(15)"2sin’@ sin 2 


The maximum values of these eigenfunctions are 1.000 for s, 1.732 for p., py, 
and p,, 2.236 ford., and 1.936 for the other d eigenfunctions. For polar graphs 
of these see reference 1. (More bond functions of the same shape and strength 
as the d, function can be formed by linear combinations of the other d func- 
tions.) These values are called the “strengths” of the bond functions, inas- 
much as they indicate the amount of concentration of the functions in partic- 
ular directions and hence give a rough measure of the bond-forming power of 
the functions. The meaning of the strength in terms of energy units has not 
been determined, but the resonance energy undoubtedly increases rapidly 
with the strength. 

In certain cases, as in C (1s?2s2p2p2p), the s-p quantization may be 
broken and stronger bond functions can then be formed using linear com- 
binations of s and p eigenfunctions. The strongest possible s-p bond functions 
have a strength of 2.000 and are directed to the four corners of a tetrahedron, 
in agreement with the tetrahedral carbon atom long known to organic chem- 
ists and accounting for many other bond angles of about 109°28’.! 

For elements of the long periods, the d eigenfunctions probably play an 
important part in bond formation, since, for example, the 3d term value for 
elements of the first long period has probably not a greatly different energy 
from that of the 4s level. Just as in the case of s and p eigenfunctions the 
quantization may be broken and s-p-d, s-d, or p-d combinations may be 
formed. 

In this paper a method for finding the best equivalent s-p-d bond func- 
tions will be developed. The equations prove to be too complex to be solved 
in the general case, but by making the reasonable assumption that the bond 
functions have cylindrical symmetry (the best possible bond functions do 
have cylindrical symmetry), solutions are obtained which cannot be far from 
the best. 


Il. THe MAXIMUM STRENGTH OF BOND FUNCTIONS 


It has been shown by Pauling (reference 1) that the strongest bond func- 
tion W;=)),~,a;.%(0, @) which can be formed in the direction 60, ¢o has a 
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strength in that direction WV ;(09,@0) = > eet [W(Ao, do) |?}"%. If it be required 
that this bond function be orthogonal to m pre-existing bond functions 
WV (0, d) = >> aine(O, ¢@), it can be shown (See appendix I) that the maxi- 
mum strength is reduced to 


m 


; . 
¥ (G0, 0) = ‘ Di [vi (40, do) |? = Dd [¥ (>, .) |? ° 


k=1 i=l f 


” 


When the range of summation m comprises only completed subgroups, the 
first term is equal to m, and the formula becomes 


1/2 


V ;(90, do) - " —- > [Wi(Oo, 0) ist 
i= | ) 


If some of the eigenfunctions of the subgroups are excluded from bond for- 
mation, as is the case when they are occupied by an unshared pair of elec- 
trons, the formula still holds, providing these excluded eigenfunctions are 
treated as pre-existing bond functions. 

This theorem gives us several important conclusions at once. The strongest 
bond functions lie at such angles to one another that the maximum of each coin- 
cides with a node of each of the others. In general, only three such bond func- 
tions are geometrically possible. For s-p bond functions, however, as we have 
seen, the nodal angle of 109°28’ allows the construction of four. 

The best s-p-d bond function (reference 1) (with the maximum along the 
Z axis) is 

1 1 (5)'/2 


W =—s+—— p,+— 


— d,. 
3 3)t2 3 


It has a strength of (9)"? and has nodes at 73°09’ and 133°37’. We may con- 
clude that s-p-d bonds tend to form at angles of 73°09' and 133°37'. The closer 
the bond angles approach these values, the greater will be the resonance energy of 
the bond. Only three of these bonds are geometrically possible and, as will be 
shown later, these angles may be modified considerably in the case of larger 
coordination numbers by orthogonality conditions. 

In the same way it may be seen that the best p bond functions have a 
strength of (3)'? and are formed at angles of 90°; the best d bond functions 
have a strength of (5)? and angles 54°44’ and 125°16’; the best p-d bond 
functions have a strength (8)' and angles 65°44’ and 144°12’; and the best 
s-d bond functions have a strength (6)"? and angles 63°26’ and 116°34’. 


III. EQuIVALENT Bonpb FUNCTIONS 


Two bond functions may be defined as equivalent when they differ from 
one another by a rotation only. A method of finding equivalent bonds is to 
set up the most general s-p-d eigenfunction containing shape parameters and 
orientation parameters. Two eigenfunctions with the same values of the 
shape parameters will be equivalent. 






































894 RALPH HULTGREN 
Denoting the generalized eigenfunctions by capital letters, we have: 


> 1/2 


3 6 
P =ap.+ bp.+ cp, = Cond + by + cz). 
r 

But by a rotation transformation P can be expressed as a’s’/r, with 2’ meas- 
ured along an axis with direction cosines a:b:c. Hence a, b, and ¢ are orien- 
tation and not shape parameters, and the most general shape of P is P= p.,. 
It may also be shown (See appendix II) that the most general D eigenfunc- 

tion has the shape of a linear combination of d, and d,. 

We can now express the most general s-p-d bond function as a linear 
combination of arbitrarily oriented S, P, and D eigenfunctions. The most 
general shape of the function, that is, the shape of the polar graph of strength 
against direction, will be determined by five parameters; three of them de- 
termine the relative amounts of s, pz, dz, and d, which are in the bond (there 
are not four because of the normalization condition), and two the relative 
orientation of P to D. The orientation parameters may be determined by 
carrying out a rotation transformation on these eigenfunctions. This may be 
most conveniently done by rotating the axes as follows: Rotate through an 
angle ¢,’ about the z axis, then through @, about the y axis, then through ¢a 
about the z axis. The behavior of our functions under these transformations 
is discussed in appendix III, in which the following expression for an s-p-d 
bond function of arbitrary shape and orientation is obtained: 


WV = sin a sinB s + sin a cos B{ [cos 6, cos 04 — sin Oy sin 04 cos (dp + oa’) |p 
[cos 6, sin 04 cos da + sin 6, cos 84 cos (dp + ou’) COS ba 
— sin 6, sin (¢» + $4’) sin bulps — [cos #, sin 0a sin a 

sin 0, cos 04 cos (6, + $4’) sin da + sin @, sin (dp + o4’) cos dal py} 


cos a} [(3/2) cos y cos? 64 — } cos y + 3(3)!/? sin y sin? 04 cos 2¢4' |d; 


+++ 


[3(3)! 2 cos y sin? 64 cos 264 + sin y cos 26, cos 2¢,/ 


— isin y sin? 64 cos 2¢4 cos 24’ — sin y cos 04 sin 2¢4 sin 264’ |d, 


+ 


3(3)'/2 cos y sin? 64 sin 2 @a+ sin y sin 2¢4 cos 2¢,’ 


— }sin y sin 704 sin 2¢2 cos 264’ + sin y cos 64 cos 2¢¢ sin 26a! |d ary 


oo [3(3)! 2 cos y sin 20, cos da + sin y sin 64 sin dg sin 24,’ 


— Asin y sin 204 cos dy cos 264’ |dz.2 + [3(3)!/2 cos y sin 204 sin da 
— sin y sin 04 cos dy sin 264’ — } sin y sin 204 sin 4 cos 26,’ |dy.2- 

a, 8=shape parameters determining relative amounts of S, P, and D 
used; y=shape parameter determining relative amounts of d, and d, used; 
6,, 6» =shape parameters determining relative orientation of P to D; 64, da 
= direction of z axis after rotation; 2’ =rotation of bond function about new 
Z axis. 
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The eigenfunction is normalized as written and the only restrictions on 
the values of the coefficients are the orthogonality conditions. For n bond 
functions these give }n(m—1) equations containing 5 shape parameters and 
3n—3 arbitrary orientation parameters (three may be arbitrarily chosen 
without loss ‘of generality). The equations are not necessarily independent. 
If the number of independent equations exceeds the number of unknowns, 
they are said to be over-determined, and there is no solution. If the numbers 
are equal, there will be one or more single points in the hyper space which 
satisfy the equation; while if the number of equations is less, there will be 
sets of continuous solutions. For certain values of some of the parameters the 
number of independent equations may be reduced. 

From other considerations it seems probable that nine equivalent bond 
functions (36 equations, 29 unknowns) cannot be formed. The existence of 
solutions for eight bond functions, having 28 equations and 26 unknowns, is 
doubtful; but for seven or less bond functions there probably should be con- 
tinuous solutions. 

Unfortunately the orthogonality equations are extremely complicated, 
each equation containing 46 terms and involving 11 parameters. But by 
making certain reasonable approximations, we can reduce the equations to 
a readily soluble form. The best possible s-p-d bond function is symmetrical 
about the direction where it has its maximum value and has the following 
values of the shape parameters: 


6, = 0 (then ¢, may be arbitrary), a = cos (5)!/2/3, 
y = 0, B = cos! $(3)"/2, 


An increase in y will quickly reduce the possible bond strength by scatter- 
ing the d eigenfunction, so any really strong bond function must have + 
nearly equal to zero. We may therefore set y = 0 with a feeling of considerable 
confidence that this arbitrary restriction has not eliminated any important 
bond eigenfunctions which are not rather closely approximated by one of 
those remaining. The same argument applies to @, except that the decrease 
in strength is not rapid. We shall assume that the p part of the bond func- 
tion has its maximum in the same direction as the d part (8, =0). 

These assumptions enormously simplify the orthogonality equations; the 
number of terms is reduced from 46 to 9 and the number of parameters from 
11 to 6. Furthermore the direction of the maximum value of the bond func- 
tions is easy to find; it is 0, @=0@2, da. These are the only s-p-d combinations 
with cylindrical symmetry, and will be referred to as cylindrical bond func- 
tions. 


IV. CYLINDRICAL BOND FUNCTIONS 


The above treatment gives us the following expression for the general 
cylindrical bond function 


V = sinasin§ s + sin a cos B[cos Oap: + sin 04 cos dupz + sin Oa sin dapy| 
+ 4cosa[(3cos?@a— 1)d: + (3)!/sin?6,c0s 26adz + (3)'/?sin? Oasin 2p ad 44 
+ (3)!/? sin 2604 cos dad z42 + (3)!/? sin 264 sin oady,-|. 
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If we place one bond function with its maximum along the s axis, all bond 





functions orthogonal to it must obey the equation: 





sin? a sin? 8 + sin® a cos*B cos 64 + 4 cos? a(3 cos? Ay — 1) = 0. 









This is a quadratic in cos 6, and so has two solutions in terms of @ and 8. 
Hence the equivalent cylindrical bond functions orthogonal to a function 
of a given shape must have the loci of their maxima in two cones, which are 
determined by the shape parameters. Conversely, any two angles will de- 
































termine the shape parameters. 


, (1 — cos @)(1 — cos 6’) — 2 1/2 
sna = a tbe 
(1 — cos 6)(1 — cos 6’) 


( cos 6 cos 6’ + 3 ) : 
(1 — cos 0)(1 — cos 9’) — 3 


In order to have real solutions, the angles must be restricted as follows: 


6,0’ = 54°44’ 8+ 6’ = 180°. 


sin 8 


Then all bond functions having their maxima at angles @ or 6’ to the maxi- 
mum of the given bond function will be orthogonal to it, providing the shape 
parameters are chosen correctly. This can easily be extended by symmetry to 
include all bond functions of the set, giving the general theorem: 7 he neces- 
sary and sufficient condition for a set of equivalent s-p-d cylindrical bond func- 
tions to be orthogonal is that there be no more than two different values for the 
angles between the direction of the maximum of any given bond function and the 
direction of the maxima of all the other bond functions. The shape parameters 
must be chosen and the angles restricted as given above. 

This theorem reduces our problem to the purely geometrical one of find- 
ing the ways that ” vectors may be oriented such that the angles between all 
pairs obey the above restriction. It can be easily shown that no more than 
six vectors may be so placed: No more than six equivalent cylindrical bond 
functions can be orthogonal to one another. 

For any values of the angles which satisfy the orthogonality conditions, 
the strength will be found to be 


(cos 6 cos 6’ + 3)'? + (— 3(cos 6 + cos 6’))'/? + (10/3)!/2 
Strength = — as 








((1 — cos 6)(1 — cos 6’))!/? 





Six equivalent cylindrical bond functions 


If we place one vector along the z axis, there may be as many as five in 
the @ cone, if they are evenly spaced; that is, Ad = 72° or 144°. If we now make 
the angles between the vectors equal to @ or 0’ by use of the distance formula 
of spherical trigonometry: cosé =cos@, cos#.+sin@, sin@. cos(¢@;—¢2) where 
in this case 6=86 or 0’; 0; and @.=6; and ¢,—@2=72° or 144°, we get two 
similar solutions. Placing four bonds in the @ cone and one in the @’ gives us 
another solution, the octahedral configuration discovered by Pauling.' There 
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is only one more solution; in which the vectors point to the corners of an 
equilateral triangular prism with square sides. 

The first two solutions contain no p eigenfunctions. They are the strongest 
s-d bond functions that can be formed. 

The six equivalent octahedral eigenfunctions! are: 














1 1 1 
= —1+—p4+—4 
61/2 22 312 
1 1 1 ; 
Vv. = ae pia Ps Fo, om 
1 1 1 
¥, = —s+—),- — d, + 3dz, 
61/2 21/2 12!/2 
1 4 ! 
Y= Gin ma ?* — Due d, + 3d:, 
1 Lee 
Vv; = gua? * pie ?® — Foul — 242, 
! 1 
V; = 612 —_ pia? —_ 12! 5d: = dz, 


with three pure d eigenfunctions orthogonal to them 
V; = Sesak Ws = Gare? Wy = dots. 


The trigonal prism eigenfunctions are: 
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2a‘ rty — xa) dri2 — $dyss 
N - ee 191/2 _! 1 
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2(3))-° 2(3)'° 


with the following eigenfunctions remaining. 


1 17'? 1 ai I ae 
V; = = d.? Ws = pr _— d,; Vy —- | he : d oiy: 


181/2 181/2 31/2 312 312 31/2 


Five equivalent cylindrical bond functions 


Solutions may of course be obtained by leaving out one bond function of 
our six-bond solutions. There is also a solution obtained by placing four bond 




















3 . Ps 84 
es 
28r 8.0 
Oe 
2 76“ 
oO 8 
a 2 
a ” e Q 
- 
ned ia 72 - 
m4 5 
~ ° a 
~ WwW 
7 a 
22+ ° e 468 
° 
20 64 
63° 26' 69°46' §=— 72°00'(!) (2) (3) (4) 


Fig. 1. Strengths of five equivalent cylindrical bonds for all possible configurations. The 
dotted curve represents a quantity proportional to the energy of possible electrostatic repulsion 
between the atoms surrounding the central atom. The configuration of maximum strength and 
minimum repulsion is favored. (1) @=81° 47’; 6’ =135° 35’, (2) @=90°; @&=180° (3) @=120°; 
6’=75° 31’ (4) 0=63° 26’; # = 116° 34’. 


functions equally spaced in a cone 120° from the fifth bond function. These 
~=0 


bond functions have a strength of 2.968, with 0’ = 75°31’. The conditions are 
also satisfied by the following relation between @ and @’. 


cos 6’ = 3(3 + (5)'/*) cos @ — 3(1 + (5)'”). 
In these solutions the five bonds are equally spaced in a cone. The strengths 
are shown as a function of the angle @ in Fig. 1, the maximum strength being 
2.994. The energies of steric repulsion are qualitatively indicated by the dot- 
ted line. 
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Four equivalent cylindrical bond functions 


In this case there are six sets of continuous solutions, which include all the 
previously given solutions for a greater number of bond functions. 


cos 6’ = 3(3 cos? @ — 1) (1) 
4 cos? 6 

cos” = —————- — 1 (2) 
1 + cos 6 

cos &’ = cos? @ + (1 — cos @)(cos? 6 + (3/2) cos @ + 3)!” (3) 

cos #’ = + 2cosé—- 1 (4) 

cos 6’ = 3(3 cos @ — 1 + (5)'/*(cos @ — 1)) (5) 

cos #’ = 3[1 — cos@ — (5 + 2 cos@ — 3 cos’6)!/?] (6) 


The strengths of bond functions for these solutions are shown in Fig. 2. The 
strongest bond function is obtained from solution (a). It has angles of 
136°06’ and 73°49’ anda strength of 2.9992. Single points on two of the curves 
represent bond functions which contain no s, that is, they represent p-d bond 
functions. These are at the largest angles of solutions (a) and (d). The 
strengths here are respectively 2.828 and 2.817, only slightly weaker than the 
best p-d bond function, which has a strength of 2.8284. 


V. DiscussION AND APPLICATION OF RESULTS 


The configuration assumed by an actual molecule is not, of course, deter- 
mined solely by the resonance energy but, rather, by the position of minimum 
potential energy. If the bond is to a considerable extent ionic in character, 
the resonance energy may become unimportant. In any case forces between 
the atoms surrounding the central atom, if they are large, will be expected to 
deform the bond angles from the positions where the bond functions are a 
maximum. These forces? may result from interaction between the dipoles of 
the bonds (electrostatic forces), from interaction between dipole and bond 
by induction, or by steric hindrance when atoms or groups are close together. 
For equivalent bonds, these forces will always tend to make the bond angle 
larger. The bond energy will also be influenced by the term values of the 
eigenfunctions used in the bond function and by the term values of the non- 
bonding electrons. If we neglect the energy of the perturbation caused by 
bond formation, that set of bond functions will be favored which allows the 
maximum number of electrons to occupy eigenfunctions of low term values. 
The energy of eigenfunctions occupied by unshared electron pairs will be more 
important that the energy of a bond eigenfunction because two electrons are 
involved compared with one in the bond. Unshared pairs are apt to occupy 
the eigenfunctions of lowest energy, so that these eigenfunctions cannot be 
used in the construction of bond functions. 


2 H. A. Stuart, Phys. Rev. 38, 1372 (1931). 
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Six equivalent bonds 










































































rhe first two solutions in Table I have an advantage only in case the p 
levels lie considerably lower than the others, in which case unshared pairs 
might occupy them and exclude them from bond formation; or if the p levels 
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Fig. 2. Strengths and possible electrostatic repulsions of four equivalent cylindrical bonds. 


lie considerably higher (with no unshared electron pairs present) so that it 
would be advantageous not to include them in the bond. There do not seem 
to be any atoms with large enough separations of energies to compensate for 
the much weaker bond functions of these solutions. 

This leaves for consideration only two configurations, the octahedron and 
the trigonal prism. As a matter of fact, these are the only two structures 
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known experimentally, the former being found in the great majority of cases. 
The trigonal prism is found in molybdenite, MoSe, and in tungstenite, WS». 
The quantitative experimental data for molybdenite’ are in striking agree- 
ment with the theoretical structure. Each Mo atom is at the center of a tri- 
gonal prism whose six corners are occupied by sulfur atoms, the ratio of alti- 
tude to base of this regular triangular prism being 1.007 + 0.039 compared to 
the theoretical ratio of 1.000. 


TABLE I. Sets of six equivalent cylindrical bond functions. 











Angles between bonds No. of angles Bond strength Remarks 
0 6’ 0 0’ 
(1) 63°26’ 116°34’ 10 5 2.449 Five bonds in cone. s-d bond fns. 
(2) 116°34’ 63°26’ 10 5 2.449 Five bonds in cone. s-d bond fns. 
(3) 90°00" 180°00’ 12 3 2.924 Octahedral bonds 
6 2.983 Trigonal prism bonds 


(4) 81°47’ 135°35’ 9 











The trigonal prism configuration has greater resonance energy per bond, 
but the octahedron has smaller repulsive forces between the surrounding 
atoms. The octahedron will be preferred for bonds which are appreciably 
ionic in character, or for large atoms surrounding the nuclear atom. Since it 
contains a smaller amount of d, it will also be favored where the d level lies 
highest, as in elements of the second period. Where the d level lies lowest, the 
trigonal prism will be favored, unless there are unshared electron pairs. One 
such pair can be accommodated in the second WV; eigenfunction given on page 
898 which contains 17/18 d. But the second pair will have to be excited up to 
the Ws level. The fact that molybdenite is diamagnetic’ indicates that in 
molybdenum this level is higher than ¥; by an amount greater than the 
singlet-triplet separation. Hence, where the d level lies lowest, two or three 
unshared electron pairs strongly favor the octahedron, in which the pairs may 
all be placed in d levels. 


Five equivalent bonds 


The continuous solution gives a slight increase in resonance energy over 
the trigonal prism solution with one bond left out, but is considerably poorer 
sterically. The other new solution is poorer than the trigonal prism with one 
bond missing, both sterically and in bond strength. PCl;, the structure of 
which is unknown, would be expected to have s-p-d bonds. It is difficult to 
estimate the magnitude of steric forces, but they are certainly much larger 
in PCI; than in molybdenite. Probably the octahedral configuration with one 
bond missing (square pyramid) of{some sterically more favorable configura- 
tion involving non-cylindrical bonds is assumed by this molecule. 


Four equivalent bonds 


Neglecting a few exceptional regions, where other solutions give slightly 
better results, the solution shown in Fig. 2a is best both sterically and in bond 


3 Roscoe G. Dickinson and Linus Pauling, J. Am. Chem. Soc. 45, 1466 (1923). 
4 E. B. Wilson, Jr., private communication. 
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strength. Bonds of this type will then lie at the configuration for maximum 
resonance energy, or will be deformed toward the tetrahedral configuration, 
the most favored sterically, along the curve given. If only one d eigenfunction 
is available, the best bonds are directed to the corners of a square, as shown 
by Pauling.! 

As previously mentioned, three equivalent bonds of the maximum strength, 
3.000, may be formed at angles of 73°09’ and 133°37’. For the configuration 
most favored sterically, three bonds in a plane at 120°, the strength is 2.881. 

1 wo bonds of strength 3.000 at 133°37' may be deformed to 180°, reducing 
the strength slightly to 2.96. This latter configuration will be expected when 
only one d eigenfunction is available. The functions are 


Jt 


(51/2 /120/2)d, 


VW, = (1/12"/*)s + (1/2"*) p. + 
+ (5!/*/12!'*)d, 


We = (1/12!'*)s — (1/2'*)p, 
with the unshared pair of electrons occupying 
WV; = (5, 6)'"s — (1, 6)! 7d, 


These are probably the bonds formed by silver in Ag(CN)2-(4d5s5p bonds), 
which is known to be linear.’ Here the s and d levels have nearly the same 
energy, with the p level higher. 


Other types of bonds 


It may occur that the s level, when it lies lowest, will be occupied by an 
unshared pair of electrons, and p-d bonds will be formed. In order for p-d 
bonds to be orthogonal, the angles between them must satisfy the equation: 


sin? a cos 86 + 3 cos? a(3 cos? é— 1) = 0. 


As in the case of the s-p-d bond, there are two angles for a given shape of 
bond. But, since there is only one shape parameter, these angles are not inde- 
pendent. The specification of one angle determines the shape and strength of 
the bond and also the other possible angle. 

Four p-d bonds. No more than four equivalent cylindrical p-d bonds may 
be formed. The two configurations given on page 899, although quite strong, 
are poor sterically. It is to be expected that SCl,, which probably has this 
type of bond, will form a non-cylindrical bond with better steric properties. 

Three p-d bonds. Three strongest bonds with a strength 2.828 can be 
formed at angles 65°44’ and 144°12’. In the molecule P,; the phosphorus atoms 
may be bonded by # bonds or by p-d bonds. In the former case the bond angle 
would tend to be 90° and the most probable configuration would place the 
four P atoms at the corners of a square, connected by alternate single and 
double bonds. The single bond functions have a strength of 1.732, while the 
double bonds have much less than twice the energy of a single bond. Much 
stronger p-d bond functions can be formed if the P atoms are placed at the 
corners of a regular tetrahedron, with bond angles of 60°. 


§ J. L. Hoard, private communication 
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Bonds may be hindered from their tendency to form in the direction of the 
maximum of the bond function by steric or geometric factors, with an accom- 
panying decrease in resonance energy. When this occurs, the bond function 
will rearrange itself so as to give a maximum strength in the new direction. 
The maxima of the rearranged bond functions will not lie in the directions of 
the bonds, but will generally assume positions between the bond directions 
and the directions of the undisturbed maxima. In this case, where the bonds 
tend to form at 65°44’ but are required by geometry to be at 60°, the maxima 
of the bond functions will be in directions 64°02’ apart, and their strength in 
the bond directions is 2.819. The bond functions are then 


| 


W; = 0.4520p. + 0.3500p, + 0.3593d. + 0.2663d, + 0.6880d,,. 


WV. 


0.4520p. — 0.1750p, + 0.3031p, + 0.3593d. — 0.1332d, — 0.2306d.4, 
— 0.3440d.,, + 0.5958d,,.; 
V; = 0.4520p. — 0.1750p, — 0.3031p, + 0.3593d, — 0.1332d, + 0.2306d,,, 
— 0.3440d,,, — 0.5958d,... 


Where the bond directions are (35°16’, 0°), (35°16’, 120°), and (35°16’, 240°), 
The bonds are composed 32.67 percent of the » eigenfunctions. Bond func- 
tions with their maxima at 60° have a strength of only 2.773. 

Two p-d bonds. Two bond functions may be formed at 180° with a strength 
of 2.806 as compared with the strongest bond functions at 144°12’ with a 
strength 2.828. 

I wish to express my appreciation of the assistance of Professor Linus 
Pauling, at whose suggestion this problem was undertaken. I am also in- 
debted to Dr. Boris Podolsky, now of Kharkov, for some of the rotation trans- 
formation formulas. 


APPENDIX I 
Problem 
To construct the normalized bond function WV; ee TT with maximum 
value in the direction 09, 9 and orthogonal to n given orthogonal, normalized 
bond functions of the same type, 


m 


V; = dais (i = 1, 2, 3, ee n)(j # 1). (1) 


k=l 


The orthogonality and normalization conditions require 


m 


» andy = 6, (= 0 where i#/; = 1 where i =). (2) 


Let 


m X m n m 
A = Dan a +| dea ix? - | = +» DM ia ina ji = WV; (3) 


1 k=1 
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VY, will be a maximum when 
OA(Bo, do) : ~ 

= 0 = Yi (00,0) — Aaje — Domai k = (1,2,---,m). (4) 
i=1 


Od jx 


Hence 


n 


V.(Oo, do) = Do wid 


t= 1 






—————— . (5) 
r 
Multiplying this ‘y a,, (/4j) and summing over £ it is found that 
My, = anv: = V;. (6) 


k=l 


By squaring (5) and summing over k we get 


m n 1/2 
A = | ve a ve] . (7) 
k=1 





Hence 
Vv) ome and; 
09 cerca (8) 
m ” “31/2 
| a ~ Zee 
k=1 i=] 4 (9) 
mm n | 2 
Vv; = | ve — Lv 
k=l i=l 4 
Corollary 


When the m original eigenfunctions comprise only completed subgroups, 


m n 1/2 
Vv. =m and WV; = | m _ ve] : 
i] 


k=1 


APPENDIX II 


Proof that the most general d eigenfunction (arbitrarily oriented) is a linear 
combination of d, and d,. The most general d eigenfunction is 


D = Ad, + Bdexy + Cdziz + Ddy,: + Ed; 
which in Cartesian coordinates is 
D = 1/r?(a’x? + b’y? + c's? + d’xy + e’xs + f'ys) 


that is, the general quadratic. A rotation transformation will change the 
general quadratic to one containing squares only. 


D = 1/r2(ax? + by? + cs”). 
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The coefficients are restricted by the fact that D, to be an eigenfunction, 
must satisfy Laplace’s equation; and also must be normalized, so that 


a+b+c=0 


[De = 4r. 


The normalization equation when evaluated gives the relation 
3(a2 + b2 + c2) + 2(ab + ac + bc) = 15. 
From the two relations we get 
D = ax*? — 3(a + (15 — 3a?)!/*)y? — 3(a F (15 — 3a?)!/?)2?. 
But this may be obtained from 


Dp= a’d, = (1 = a’?)} *d, 
by setting 
a = 3(15)'/?a’ — 3(5)'/2(1 — a)!" 


APPENDIX III 
Problem 
To determine the behavior of S, P, and D under the general rotation trans- 
formation. If the coordinate axes are rotated for an angle ¢,’ about the z axis, 
then an angle 6, about the y axis, then again @4 about the z axis, the coordi- 
nates of the point P, 6’ and ¢’ appear as shown in Fig. 3, where all lines drawn 
are arcs of great circles. 








Fig. 3. Rotation of axes on the unit sphere. 


By spherical trigonometry we have 


cos 6’ = cos 8, cos 6 + sin 6,4 sin 6 cos (@ — da) 


sin 6 sin (@ — @a) 





sin (¢’ + $4’) =" 
sin 6 
cos 6,4 sin @ cos (@ — da) — sin 84 cos 6 





cos (¢’ + $4’) 6’ 
sin 
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We may easily solve these to get sin @’, sin 20’, cos @’, cos 29’ in terms of 
0, Ou, Pa, Ga’. 


We also wish to evaluate 


























P,'™!\(cos 0’) = P,!'" [cos 4,cos 6 + sin 04 sin 0 cos (@ — dy) }. 





This may be done by use of Gegenbauer C functions.* 


(2m)! , mele ' 
P'™' (cos 6’) = — sin" OCim (cos 6). 
2™m! 
But: 
m+1/2 I'(2m) 


x 


Ck. “(cos 6, cos 6+ sin 6, sin 8 cos (¢@ — ¢,)) = . 
[rim + 3)-P 


(— 1P29°r(7 —m — A+ 


1) 
[P(m +r+ 1) |? x 
ridé+m+r\+ 1) 


oe 
m+XA4+-1/2 m+A+1/'2 m 
(2m + 2d) sin 6a sin® OC)», (COS A2)Crem—-» (Cos A)C\ (— cos (@ — Ga)) j. 


d 


Making the following simplifications since /, m, and \ are integers 


rin) = (a — 1)! 
(Qn)! 
rin+ 3) = —(9)*/ 
22"! 
where 7” is an integer 
4041/2 2”"**(m + dA)! 


” +] 
Cem -a $COS X) —- ” 7 
’ , m+ ~ 
(2m + 2d)! sin™* 4 


(- >~C) oe Fy 


II 


Cy “i x) 
we obtain 
mi2™ sin” 6 f=" (1 — m — X)!(m +X) 
os "!(cos 0’) = — < oe eh aia 
sin” 6, sin”™ @ \_» (1 + m+ X)!ln 
Py'™'**(cos 64) Pi! ™' (cos AC\!"'(cos (@ — du). 
Using these formulas we get for our general expressions of eigenfunctions ro- 
tated through arbitrary angles 
s = P,"(cos 6’) = 1 
p: = 3'"P,"(cos &’) = 3'*(cos 0, cos 8 + sin 6, sin 6 cos (¢ — ¢,)) 
d, = 5'/2P,"(cos 6’) = 4(5)'/2} (3 cos? 04 — 1)(3 cos? 8 — 1) 


* See Whittaker and Watson, ‘‘Modern Analysis”, Chap. XV for most of the formulas in- 
volving the Gegenbauer function. 
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+ 3sin 20, sin 26 cos (6 — @a) + 3 sin? 02 sin? 6 cos 2(@ — a) } 


d, = —(15)'/2P.*(cos 6’) cos 29’ = 3(15)'/2} sin? @ cos 2(¢ — oy) cos 26,’ 


+ 3(3 cos? @ — 1) sin® 0, cos 2,’ — 3} sin? 6 cos 2(¢ — 4) sin®*b, cos 26, 
+ sin? @ sin 2(@ — @4a) cos 64 sin 264’ — sin 26 sin (@ — $4) sin Oa sin 26,’ 
— }sin 20 cos (6 — oa) sin 26, cos 26,'}. 


By carrying the transformed p, through a second rotation ¢,', 04, 6. and ex- 
pressing all angles 6 and ¢ in terms of the original s, p, and d eigenfunctions 
we arrive at the expression given in the text for the most general eigenfunc- 


tion. 
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The Smekal-Raman Spectra of SiHCl,, CHFCI, and CF:Cl, 


By CuHarves A. BRADLEY, JR.* 


Department of Chemistry, Columbia University 
(Received April 30, 1932) 


The Smekal-Raman spectra of the compounds SiHCl;, CHFCl, and CF2Cl. have 
been investigated using a quartz mercury arc as the primary source. There are six fre- 
quency displacements in the case of silicochloroform all somewhat less than the cor- 
responding displacements of chloroform. The so-called transverse hydrogen bond 
frequency is not observed. Eight frequencies of CHF Cl and nine of CF2Cl, have been 
observed. The transverse hydrogen bond vibration is not observed in the former. 
An assignment of the observed frequencies to particular modes of vibrations is made. 


INTRODUCTION 


HE Smekal-Raman effect proves to be of great value in the study of 

molecular structure from a correlation between the observed frequencies 
and the mechanical modes of vibration of particular molecular models. Con- 
siderable success has been obtained in the explanation of the spectra of mole- 
cules of the type YX,.' Thus it was thought that by observing the Smekal- 
Raman spectra of molecules in which some of the X atoms had been replaced 
by others more information could be gained concerning their structure and 
modes of vibration. 


EXPERIMENTAL PROCEDURE 


The apparatus used in these experiments was designed to serve for liquids 
boiling at —40° to —50°C.? The observation tube was a Pyrex glass tube 2.5 
cm in diameter with a plane window on one end, a straight portion of 12.5 
cm length, and the lower portion tapering off to a point. The tapering portion 
was surrounded by a jacket filled with black enamel.* This took the place of 
the usual black curved light horn. A sidearm close to the window served for 
filling. The observation tube was mounted vertically in an unsilvered Dewar 
flask filled with anhydrous liquid ammonia. The outside of the Dewar, except 
for a narrow vertical strip, was covered with a piece of highly polished alumi- 
num. Two Hanovia quartz mercury arcs operating on 220 volts were mounted 
vertically in front of the open strip in the aluminum. A piece of asbestos board 
was placed over the whole set-up, and the light scattered by the liquid in the 
observation tube was taken out through a small hole in the board, and re- 
flected by a prism through a lens into the slit of a Hilger D78 glass spectro- 
graph. The copper spectrum was used for comparison. 


* Du Pont Fellow in Chemistry, 1930-1931. 

1 B. Trumpy, Zeits. f. Physik 66, 790 (1930);H. C. Urey and C. A. Bradley, Jr., Phys. Rev. 
38, 1969 (1931). 

2 H.C. Urey and C. A. Bradley, Jr., Phys. Rev. 27, 843 (1931). 

3 Black Duco of E. I. du Pont de Nemours and Company, Inc. 
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When one mercury arc was used and run hot, it gave out considerable con- 
tinuous background. Two arcs were therefore mounted parallel and as close 
together as possible, and cooled with a current of air. This eliminated most of 
the continuous, and reduced the consumption of the ammonia. Ammonia was 
added as needed by pumping some in from a supply in another Dewar flask. 

Some of the exposures were made on panchromatic plates, but the best 
spectra were obtained on Cramer Isopresto plates. The lengths of the expo- 
sures were ten and twenty hours. 

The first compound studied was silicochloroform. It was prepared by pas- 
sing dry hydrogen chloride over amorphous silicon at a temperature of 250° 
to 350°C. The product was condensed in a flask surrounded by solid COs. 
The product was fractionated into another flask, and sealed off. This fraction 
was distilled under vacuum into the observation tube. 

The other compounds studied were dichloromonofluoromethane and 
dichlorodifluoromethane. These compounds were supplied to us by the 
Frigidaire Corporation through the kindness of Dr. R. M. Buffington and 
were reported by their laboratories as “better than 99 percent pure.” They 
were redistilled twice in vacuo and finally distilled into the observation tube, 
and sealed off. The average measurements of several plates for each of these 
compounds are given in Tables I, II and III. The mercury arc lines from 
which Smekal-Raman lines were observed were \A4047, 4078, 4348, 4358, 
5462, 5771, 5792, 3985, 3907, 3651A. They are referred to in the tables as a, 
b,e,f,g,7, m,n, 0, and r respectively. 


TABLE I. Silicochloroform 





























7 Exciting Exciting _ 
¥(cm7) line Av (cm) Note vy (cm7) line Av (cm™) Note 
24885 a +182 ww. r447 ior) 
24454 a — 248 s.sh. 22350 f — 588 w.b. 
24265 b — 248 w. 22256 b — 2257 w. 
24215 a — 488 V.S. 22135 f — 803 w.b. 
24116 a — 586 b.w. 20677 f — 2260 s.b. 
24026 b —488 s.sh. 18130 g —178 m. 
23906 a —797 s.b. 18057 g — 250 w. 
23717 b —797 V.w. 17816 g —491 m.s. 
23428 f +490 w. 17512 h +185 V.w. 
23171 e +176 V.w. 17448 1 +185 V.W. 
23114 f +176 V.w. 17149 h —178 w.sh. 
22759 f —179 w. 17087 1 —176 w.sh. 
22685 f — 253 w. 16838 h —489 w.sh. 
22506 e — 490 V.w. 16775 i —488 w.sh. 

Notes: w.=weak; s.=strong; sh. =sharp; b.=broad; m. = medium; v. = very. 

CHC1,* -SiHCl; CHC1,;* SiHCl; 

Ap I Av I Ap I Av I 

261 4 179 5 762 3d 587 4d 

367 5 250 6 1218 2d 799 6d 

669 4 489 10 3019 3d 2258 7d 

















* Proc. Roy. Soc. A127, 360 (1930). 
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TABLE II. Dichloromonofluoromethane 





vy (cem~!) line Ap (em7') 
24429 a —273 
24368 r — 3020 
24274 ri) — 3016 
24250 a —453 
) 
24063 . _ 270 
23982 a —72 
23914 a —789 
23792 b —722 
92207 a —_ 1306 
23397 f +459 
23215 Fj +277 
Ap I 
274 
366 
454 
723 








Exciting 





line Ap 
m — 650 
24443 } — 260; 
24383 a — 320 
24272 a —431 
24249 a —454 
24060 b — 454 
24040 a — 662 
23850 b — 663 
23626 a — 1076 
23564 a — 1139 
23393 7 +455 
Ap 
260 
320 
433 
455 


664 





* \p = 1065 estimated from the microphotometer curve. 
I 


Exciting 
Note v (cm“) line Av (cm) 
m.d. 22662 f —276 
b. yIE77 n — 3019 
w. —- f — 300 
s.sh. 22483 f —455 
: 2? e — 783 
w. 22213 f ~726 
v.b.s. | 22152 ; —786 
V.W. 1427 a — 3016 
V.w. | 21687 e — 1309 
21631 f ~ 1307 
ss 21493 b —3021 
Ww. 19918 f —3021 
CHFCl, 
Ap 
7 786 
4 (1065)* 
7 1307 
9 3019 
TABLE IIT. Dichlorodifluoromethane 
7 Exciting 
Note | v line Ap 
|} 23199 f +261 
V.W. , 
| 22677 . — 319} 
V.W. bes f — 261) 
w. | 22617 f —321 
m. 22502 f — 436 
V.W. | 22481 f —457 
s. | 22272 i — 666 
V.W. 22061 f —8i7 
V.W. | 22019 f —919 
v.v.w. | 21850 f —1088 
V.W. 21782 f —1156 
CF:2Cl. 7 
I Av 
5 877 
3 919 
5 1082 
7 1147 
10 


Note 


s. 
m.Ww. 


s.sh. 
s.v.b. 
(band like) 


w.b. 
m. 
w. 
vVew. 
Ww. 


V.W. 
V.W. 
w.b. 
V.W. 


Tue MopEs OF VIBRATION AND THE ASSIGNMENT OF FREQUENCIES 


Brester* has determined the number of characteristic frequencies of these 
types of molecules and Dennison’ has described the character of the vibra- 
tions of the chloroform and carbon tetrachloride types of molecules. Brester’s 


4 C. J. Brester, Kristallsymmetrie und Reststrahlen, Dissertation, Utrecht, 1923. 
5’ D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 
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work shows that the number of vibrational frequencies of CCl, SiHCl,, 
CF2Cl, and CFHCI: are 4, 6, 9, and 9 respectively. 

In order to assign the frequencies one should have a physical idea as to the 
character of the motion. The simplest of the above types is carbon tetra- 
chloride. Its four frequencies Brester calls A, B, Ci, and Cy. We may describe 
them in the following manner. Let the carbon atom be at the origin of the co- 
ordinate system. The axes are chosen so that they pass through the mid- 
points of the lines joining the corner chlorine atoms. Frequency A will consist 
of a perfectly symmetric motion of the chlorine atoms moving along the lines 
joining them to the carbon atom, which will remain stationary. This will be 
an inactive single vibration. Frequency B also is inactive and consists of a 
twisting motion of pairs of the chlorine atoms; i.e., the chlorine atoms move 
on the surface of a sphere. The pairs may be selected in three ways, but only 
two are independent. Thus B is a double frequency. 

Frequencies C; and C, are of a similar character, but very different magni- 
tude. The larger, which we will choose as C,, wil! consist of a motion in which 
the chlorine atoms move nearly along the valence bonds, while for C2 their 
motion will be more perpendicular to the bonds. In C, the chlorine atoms 
move in the positive while the carbon atom moves in the negative X direc- 
tion; the two chlorine atoms with positive Y coordinates move away from 
the Y axis, while those with negative Y coordinates move toward the X axis. 
There are three independent ways of choosing the axes in this manner, thus 
C, isa triple vibration. In C, the chlorine atoms with positive X coordinates 
move toward while those with negative X coordinates move away from the X 
axis, and this frequency is triple. 

The most intense Smekal-Raman lines should be those corresponding to 
inactive frequencies. A will, of course, be larger than B, and more intense. B 
will be the smallest, C, the largest, and C: should lie between A and B. 

In the Smekal-Raman spectrum of CCl, five frequency displacements 
have been observed. The appearance of the doublet Ay = 760 and 790 cm™! 
probably is due to accidental degeneracy,® although it has been attributed to 
an asymmetry of the carbon atom.’ Thus, the assignment for CCl, is A = 460 
em~!, B=214 cm~!, C, = 760-790 cm™, and C2= 311 ¢cm™!. 

In the case of CFeCle, all degeneracy has been removed, and nine fre- 
quency displacements are expected in the Smekal-Raman effect. We may 
describe the nine modes of vibration in the following manner. Let us take for 
the Z axis the symmetry axis, and let the origin be at the center of the mass. 
The two fluorine atoms may be considered as lying in the X¥ —Z plane, and 
the two chlorine atoms in the Y—Z plane. There will be one frequency, A,', 
which will be somewhat similar to the A vibration for CCl. However, it will 
be active in this case, and the electric moment will vibrate parallel to the Z 
axis. There will be two vibrations characterized by a twisting motion. We 
shall call these Az and A,?. A: will be an inactive frequency consisting of a 
twisting of the pairs of F atoms and Cl atoms about the symmetry axis. A,’ 


6 E. Fermi, Zeits. f. Physik 71, 250 (1931). 
7 A. Langseth, Zeits. f. Physik 72, 350 (1931). 
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will consist of a sort of twisting of CI-F pairs of atoms around some axis 
perpendicular to the Z axis. It will be an active vibration, and the electric 
moment will vibrate parallel to the Z axis. , 

The other six frequencies, we shall group as follows A,°, B,', B.' and As, 
B,*, B,*. The first group will be of a character similar to C; for CCly, and the 
second group similar to C2. In A,’ the electric moment will vibrate | to the Z 
axis; in B,;! | to the X axis; in B,' || to the Y axis. The motion of the corner 
atoms will be such that they move nearly along the bonds to the central atom. 
In A; the electric moment will be | to the Z axis, B,? | to Y, and By? | to Y 
and the motion is more perpendicular to the bonds. 

It is impossible to assign every frequency displacement observed to the 
actual modes of vibration. However, it is possible to group them with con- 
siderable certainty. Since the F atoms are lighter than the Cl atoms, we would 
expect A,', to be larger than the A for CCl, and to be rather intense. Thus 
Av = 664 cm~! becomes A,'; Az and A,? should be the smallest frequency dis- 
placements, and become 260 cm~! and 320 cm~!. In assigning the groups 
A,’, B,', By? and A;', By', Bo? we expect the first to possess the largest fre- 
quencies, and all be rather closely grouped, while the second group should lie 
between 360 cm~' and 664 cm™', and also all be rather close to one another. 
However, I| find four frequency displacements in the region of the first group 
and two in the region of the second. In the first group I assign immediately 
Av =1147 cm~! and 1082 cm~'. The appearance of the two lines Av =919 
cm~! and 877 cm~! may be due to combinations and accidental degeneracy, 
for we see that 260+664 =924 cm~'!, 455+433 =888 cm~'!, 1147 — 260 =887 
cm~!. Therefore, as in the case of C; for CCly, I must group the frequency dis- 
placements, 1147, 1082, 919, and 877 cm~' in the group of vibrations A,’, B,', 
B,*. For A,‘, By', B®, there are the frequencies Avy =455 and 433 cm™'. I 
should expect the third frequency to be close to these two. However, neither 
the original plate nor the microphotometer curve show any line in this region. 

The case of CHCl; is somewhat simpler. Here one expects six frequency 
displacements, and they are all observed in the Smekal-Raman effect. Let us 
take the origin of the coordinate system at the center of mass of the molecule; 
the Z axis as the symmetry axis and the three chlorine atoms on a plane per- 
pendicular to the symmetry axis. There will be three modes of vibration with 
the electric moment oscillating | to the Z axis, and three perpendicular to it. 
The first three will all be single, and the latter all double vibrations. We will 
call the || vibrations A, C;', and C,', and the perpendicular ones B, C,*, and 
C.*, corresponding to their similarity with CCl,. The character of A will in 
this case be determined by the Cl atoms and consequently, while larger than 
A for CCl, will be of the same order of magnitude, and intense. Thus I as- 
cribe Ay = 669 cm~' to A. In the case of C,! and C;', the character seems to be 
determined mostly by the vibration of the hydrogen with respect to the rest 
of the molecule and is very large as a result. One thus expects C,! to be 3019 
cm~! and C,'=1218 cm~!. In order to justify this assignment I set up the 
equations of motion for the parallel vibrations assuming pure valency forces, 
and used the force constants calculated from CCl, (reference 1, p. 1972). The 
only change made being that one of the corner atoms now had 1/35 of the 
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previous mass. With these very simplifying assumptions, the numerical solu- 
tion gave for the three parallel vibrations Av = 3015, 1497, and 466 cm~!; the 
agreement is quite as good as found in the case of CCl, assuming pure valency 
forces. Frequency B will again be a twisting motion, and the smallest ob- 
served frequency displacement; thus B is 261 cm~!. C? and C,? will be L 
vibrations, as Dennision describes, as tilting of the plane containing the 
chlorine atoms relative to the line joining the carbon and hydrogen atoms. 
From analogy, I expect C,* to be larger than C,”. Thus C,’ is 762 cm~! and C,? 
is 367 cm7!. 

In the case of SiHCl;, again six frequency displacements are observed and 
they are all somewhat smaller than those for CHCl;, as one would expect 
from the increased mass of the central atom. The intensities of the observed 
lines for SiHC1, are in the same order as those of CHCl;. One may, therefore, 
immediately assign the frequencies as follows: A is 489cm™!, Bis179cm™, C,! 
is 2258 cm™!, C;? is 587 cm~!, C,! is 799 cm —!, and C,? is 250 cm™!. 

In the compound CHFCl,, all degeneracy is removed and one expects 
nine frequency displacements in the Smekal-Raman effect. From the inten- 
sities of the observed lines, and comparison with the assignment of frequen- 
cies for CHCl;, I make the following correlation: A, 723 cm~!; B,, and Bz, 

274cm~!, and 366cm~—!; C,', 3019; Ci, 786 cm~!; C2', 1307 and C,?, 454 cm™'. 
We still must find Ci oul C,’. Cy? shows on the microphotometer curve as 
being a very close doublet, and as one would expect C;° to lie near C;?, 786 
cm~! may be both C;? and C,°. However, a very faint line is observed also at 
Ay =1065 cm~!. This may be C,'; it may also be due to the combination 
786+274=1060 or 723+366 = 1089. I expect C;° to be close to C;?, but no 
line is observed in that region. 

In Table IV I have collected and tabulated the observed frequencies and 
my assignment to the various types of vibration. 






































TABLE IV. 

CHFC | SiHCl, | CHCl; | ecu | CF:Cl, 

React anee At SE OR IR, URE Wee SER Te RhP eee ee 
A-723 | A—489 | A (single— || to Z)—669 A-460 | Ar'—(| to Z) — 664 
B,-—) [274 = : B (double—_ to Z)—261 ” A»— (Inactive) — \ {260° 
B,— /\366 B-179 B-214 | 42-(\toZ) $320) 
C'—3019 | C,'—2258| C," (single— || to Z) —3019 A;3—(||to Z) ) 1147) 
CY— ){ 786 C,—760 | B,!—(||\to X) r} 1082 ¢ 

rd C2—587 | Ci (double—_L to Z)—762 790 || 919] 
Or ) (1065 Bi (ito Y) )\ 877) 
C.!— 1307 C.1—799 | C:  (single— ||to Z)-1018 A;—(| to Z) ) 
C.2— 454 O—311 B—(\|\to X) rf455\ 
C3— ? | C2—250 | C2 (double—_L to ) 2) — 367 itil B2—(||\to Y)) 433) 
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Note on a Relation between the Atomic Arrangement in Certain 
Compounds, Groups and Molecules and the Number 
of Valence Electrons 


By W. H. ZACHARIASEN 
Ryerson Physical Laboratory, University of Chicago 


(Received April 20, 1932) 


The atomic arrangement in compounds and groups (A,,Y,)~” for which v=n 
<8-+-m X2 is discussed, v being the total number of valence electrons per stoechio- 
metric molecule or group. Available experimental data show that in such groups or 
compounds the atom A is usually displaced away from the center of the polyhedron 
formed by the surrounding atoms Y. Simple rules for the amount of displacement 
are given. The interpretation of the observations in terms of the ionic theory and the 
theory of electron pair bonds is discussed. 


i THE following paper the crystal lattice of germano sulphide is de- 
scribed. GeS belongs to a large class of compounds, groups or molecules 
of the general formula (A,,X,)~” which are characterized by the following 
features: None of the atoms A or X are transition elements. The total num- 
ber of valence electrons per stoechiometric molecule or group, 7, satisfies the 
condition v=" X8+m X2, or if atom X is a hydrogen atom, v=" K2+mX2. 

On previous occasions I have had the opportunity to examine the atomic 
arrangement in several compounds or groups of this type.'**+ In one im- 
portant respect the results of these investigations were of exceptional in- 
terest. Usually in crystal lattices it is found that an atom is situated at the 
center of the polyhedron formed by the surrounding atoms. However, it was 
found in many cases, where the condition v= X8+m X2 was satisfied, that 
the atom A was displaced away from the center of the polyhedron formed 
by the surrounding atoms X. Some examples may illustrate this statement: 
The groups (SO ;)~*, (ClOs)~', (BrO 3)! have a pyramidal structure rather 
than the coplanar one found for (NO3)~', (CO3)>*-and (BO3)7%.4 The (NOz)~! 
group has been found to be angular rather than collinear like CO.°. And now 
in GeS we will see that Ge is not lying at the center of the sulphur octa- 
hedra, as does Mg in MgS. 

However, there are definite exceptions. Tl] in TICI, TIBr, TII’ is not 
displaced away from the center of the cubes formed by the surrounding 
halogen atoms. The analogous thing is true for Pb in PbF2, PbS, PbSe, 


1 W.H. Zachariasen, Norske Vid. Akad. Skr. Oslo 4, 90 and 136 (1928). 

2 W.H. Zachariasen, Zeits. f. Krist. 71, 501, 517 (1929). 

3 W.H. Zachariasen, Phys. Rev. 37, 775 (1931). 

4 W.H. Zachariasen, Jour. Amer. Chem. Soc. 53, 2123 (1931). 

5 W.H. Zachariasen and H. E. Buckley, Phys. Rev. 37, 1295 (1931). 

6 G. E. Ziegler, Phys. Rev. 38, 1040 (1931). 

7 P. P. Ewald and C. Hermann: Strukturbericht, 1913-1928, Leipzig, 1931. 
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PbTe, Pbls,’ for Bi in BiFs; and Bil;,5 for Sn in SnTe,? and probably it is 
also true for Te in TeQ,’ and for I in the alkaliiodates.’: It is worth noticing, 
however, that the atomic number of atom A in all these cases is very high. 

The empirical results we may formulate in a series of very simple rules: 

In compounds or groups (A,,X,)~? satisfying the condition: v=8Xn 
+2Xm (or if the atom X is hydrogen, the condition: y=2Xn+2 Xm) the 
atom A is displaced away from the center of the polyhedron formed by the 
surrounding atoms X. 

The amount of displacement decreases: (1) With increasing principal 
quantum number of atom A; (2) With an increasing number of valence elec- 
trons on the neutral atom A; (3) With increasing principal quantum number 
of atom X; (4) and probably with a decreasing number of valence electrons 
on the neutral atom X. 

The absence of any displacement in crystals like SnTe, PbTe, TII may 
thus follow directly from rule 1 and 3. 

By expressing the rules in terms of the number of valence electrons and 
principal quantum numbers we have deliberately avoided any interpretation 
on the basis of existing theories for the chemical binding. 

If we choose to take the standpoint of ionic bindings in the compounds 
or groups which we have considered, we would have to explain our rules as 
being due to a polarization of the ions A. As a matter of fact the empirical 
rules we have given would be a direct consequence of the ionic interpretation. 
We cannot therefore draw the conclusion that the bonds are truly ionic in 
character. It illustrates, however, the value of the ionic theory as a working 
hypothesis. As a matter of fact I have been able to predict correctly the atom- 
ic arrangement in a number of groups on that basis.' 

The rival to the ionic theory is, of course, the theory of the electron pair 
bond. It has been shown by Pauling'® and by Slater" that the structure of 
many of the groups which we have dealt with here can be satisfactorily in- 
terpreted in terms of electron pair bonds. As a matter of fact this interpreta- 
tion offers in many cases distinct advantages compared to the ionic inter- 
pretation. However, this is no proof of the existence of electron pair bonds. 
It seems to me that serious modifications of the ideas of Slater and Pauling 
are necessary in order to account for all our observations. In GeS we found 
that Ge formed six bonds with sulphur atoms, three corresponding to an 
interatomic distance 2.58A and the three others corresponding to 2.97A. In 
the isomorphous SnS the difference between the two distances undoubtedly 
is smaller than in GeS, and then finally in PbS (having the ideal NaCl struc- 
ture) we have six equivalent bonds. A comparison between the interatomic 
distances in As;O, and Sb,O¢ also shows this gradual transition towards 
six equivalent bonds as we pass towards higher atomic numbers (compare 
rule 1). Three of the bonds in GeS, As,;O,¢ and Sb,O, may, of course, be in- 


8’ H. Braekken, Zeits. f. Krist. 74, 67 (1930). 

® W.H. Zachariasen and F. A. Barta, Phys. Rev. 37, 1626 (1931). 
10 L.. Pauling, Jour. Amer. Chem. Soc. 53, 1367 (1931). 

" J.C. Slater, Phys. Rev. 37, 481 and 38, 325 (1931). 
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terpreted as electron pair bonds; but this interpretation is hardly satisfactory 
or justifiable in PbS for example. 

It seems that the ideas of the electron pair bonds are fairly applicable in 
many cases for relatively low atomic numbers but of little use, in the present 
form at any rate, for high atomic numbers. In the lattices of As, Sb, Bi’ each 
atom is surrounded by six other atoms, three at a distance d; and three at a 
distance d2. The observed values of d; and d: are: 


d\ d» Qa 
As 2.08 o.55 97° 
Sb 2.87 3.37 96° 
Bi 3.10 3.47 94° 


a is the angle between the three bonds corresponding to the distance d,. 
Pauling in his paper states that the approach of the bond angle towards 90° 
in this series indicates the transition to electron pair bonds formed by pure 
p eigenfunctions. This statement seems to me to be somewhat misleading. If 
namely the bond angle is exactly 90°, there will be six equivalent bonds, in- 
stead of two sets of three bonds. Other eigenfunctions than those of s and p 
electrons would have to be involved in the formation of six equivalent bonds. 
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The Crystal Lattice of Germano Sulphide, GeS 


By W. H. ZACHARIASEN 
Ryerson Physical Laboratory, University of Chicago 


(Received April 20, 1932) 


The crystal lattice of germano sulphide, GeS, was examined by means of the 
Laue method, the powder method and the oscillating crystal method. The crystals 
are orthorhombic bipyramidal. The dimensions of the unit cell were found to be: 
a=4.29+0.01A, 6=10.42+0.03A, c=3.64+0.01A. There are four molecules GeS 
in the unit cell and the calculated density is 4.24. The space group is Pbum (V,"*). 
The germanium atoms as well as the sulphur atoms are lying in the reflection planes: 
(uvO)(a, }—v, 3)(u+}, 0, 3)(4—Uu, v+3, 0). The values of the four parameters, 12, for 
Ge and uv, for S, were determined on the basis of intensity calculations, the final result 
being: m,=0.167 (60°), m,.=0.111 (40°), b:=—0.125 (—45°), m=0.111(40°). The 
crystal structure can be described as a deformed rocksalt lattice, the deformation 
being very great in the direction of the a axis. The germanium atoms are surrounded 
by distorted octahedra formed by sulphur atoms. The germanium atom is not lying 
at the center of the octahedron, but is displaced towards one of the octahedral faces. 
The distance from germanium to three of the sulphur atoms in this manner is dis- 
tinctly smaller than to the three others. The two distances Ge-S are: 2.58A (average 
of 2.47, 2.64, 2.64) and 2.97A (average of 2.91, 3.00, 3.00). The closest approach be- 
tween two sulphur atoms is 3.55A. 


I. INTRODUCTION 


OR reasons which will be discussed in the following note, it appeared to 

be of special interest to examine the crystal lattices of compounds of 
divalent germanium. 

The crystals of GeS used in this investigation were a gift from Professor 
W. C. Johnson of the department of Chemistry of this University. For 
particulars concerning the preparation of the crystals I may refer to a paper 
by Dr. Johnson soon to be published. The crystals form thin steel-grey 
plates of metallic luster. Laue photographs showed orthorhombic symmetry 
and gave axial ratios very similar to those of SnS. The isomorphism between 
GeS and SnS reported by Dennis! thus seems to be beyond doubt. 


II. Unit CELL AND SPACE GROUP 


The Laue method, the oscillating crystal method and the powder method 
were employed. The dimensions of the orthorhombic unit cell were found to 
be: 


a=4.29+0.01A, 6 = 10.42 +0.03A, c= 3.64 +0.01A 


corresponding to the axial ratios: 0.412:1:0.349. For SnS Groth? gives the 
ratios 0.3883: 1:0.3566. 


1L. M. Dennis and R. E. Hulse, J. Am. Chem. Soc. 52, 3555 (1930). 
? P. Groth, Chemische Krystallographie, Vol. 1, p. 150, Leipzig, 1906. 
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For the density of GeS, L. M. Dennis and R. E. Hulse! give the value 
3.78, W. Pugh,* however, gives 4.012. These two values correspond to 3.57 
and 3.78 molecules in the cell respectively. We have to assume therefore that 
there are four molecules GeS per unit cell. The calculated density is 4.24, so 
the experimental values are all low. 

Reflexions from the following classes of planes were not observed in any 
of the photographs: O&/ if k is odd, and hO/ if h+/ is odd. The development 
of the crystal faces does not indicate any deviation from holohedral symme- 
try, so we will assume that the symmetry class is orthorhombic bipyramidal. 
All space groups except V;,', V,°, V.%, V,"° are ruled out on the basis of present 
reflexions. A consideration of the general and special positions of these four. 
space groups gives the result that only V;,"° can give an atomic arrangement 
that accounts for the observed intensities. In the new space group notation 
the symbol is Pbum. 

As there are only four molecules in the unit cell, it follows that the four 
germanium atoms are equivalent; likewise the four sulphur atoms are struc- 
turally equivalent. The space group permits the following arrangements: 
(1) all atoms are lying in centers of symmetry; (2) germanium atoms are in 
centers of symmetry and sulphur atoms in reflexion planes, or vice versa; 
(3) all atoms are lying in the reflexion planes. 

The possibility (1) is ruled out by the fact that the 200 and O20 reflexions 
do not all have maximum of intensity. The alternative (2) must be rejected 
as it would result in a very weak 002 reflexion, whereas it actually appears 
with great intensity. Consequently both the germanium and the sulphur 
atoms are lying in the reflexion planes. 


III. DETERMINATION OF THE STRUCTURE 

The coordinates of the atoms are: 4 Ge in (1,27,0)(%,, }—m, 3) (ai +3, ti, 3) 
(}—m, 11 +3, 0),4S in analogous positions with parameters #. and v2. The 
very strong 002 and 004 reflexions are accounted for by this arrangement; 
the structure amplitude for these reflexions will have the maximum value 
of 4 Ge+4 S. 

Determination of parameters v, and v, 

The reflexions 040 and 080 occur with very great intensity whereas 
020,060 and 0.10.0 are barely visible. v7; and 7. consequently must have values 
very close to (2n+1) 45°. The reflexion 021 occurs with medium intensity; 
sin2v, and sin2v2 must have opposite signs, otherwise 021 would have shown 
maximum intensity. Hence we choose 7; ~ —45° and v2 ~45°. The fact that 
020,060 and 0.10.0 are present shows that 7; and v. cannot both be numeri- 
cally equal to 45°. More accurate values can be obtained from a comparison 
of the observed intensities for the reflexions 080,081,0.10.0 and 0.10.1. It is 
seen from table 4 that the parameter v; hardly can be different from —45°, 
whereas v2 must be very close to 40°. The values 7; = —45°; 7. =40° are prob- 
ably accurate to less than two degrees. 


3 W. Pugh, J. Am. Chem. Soc. 52, 2372 (1930). 
4 Ch. Mauguin, Zeits. f. Krist. 76, 542 (1931). 
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The value v2 = 50° gives the same intensities in the O0k/ zone as does the 
value v2=40°. However, when reflexions hkO and hki are also considered, 
the intensities are different for the two cases, so that we will have to consider 
also: 2, = —45°; 7% =50°. 


Determination of parameters u, and w, 


The very weak or missing reflexions 110,130 and 170 show definitely that 
cosu,; and cost, must both be positive or both negative. The strong 141 re- 
flexion can be explained only if sinw; and sina, both have the same sign. Con- 
sequently ~, and i are lying in the same quadrant. We can choose the range 
0° —90° for both mu, and ws. 











TABLE I. Spectra Okl.* 

Ok! sin 6 Int. obs. F Ok! sin 0 Int. obs. \|F | 
020 0.0676 VVWw 10 080 0.2706 s 93 
021 0.1199 m 55 062 0.2836 nil 15 
040 0.1353 Vvs 139 081 0.2872 Ww 19 
041 0.1668 w 14 023 0.3018 wt+ 38 
002 0.1966 Vs 120 043 0.3236 VVW 9 
060 0.2029 vw 18 082 0.3336 ms 83 
022 0.2074 VVWw 6 0.10.0 0.3382 vVVw 20 
061 0.2271 m 47 0.10.1 0.3513 wm 44 

0.3932 ms 80 


O42 0.2380 s 106 004 








* In this table and in subsequent tables the intensities are indicated in the order vvs, vs, s 
ms, mw, W, vw, Vvw and nil. (v=very, s=strong, m=medium, w = weak). 





TABLE IT. Spectra hkO 














hkO sin 6 Int. obs. F hkO sin 0 Int. obs. |F | 
020 0.0676 VVW 10 170 0.2505 nil 1 
110 0.0901 vw 13 310 0.2527 wm 41 
120 0.1073 m 60 320 0.2593 wm 27 
130 0.1312 nil 5 260 0.2624 VVW 3 
040 0.1353 vvs 139 330 0.2702 m 36 
140 0.1587 nil 9 080 0.2706 s 93 
200 0.1673 wm 38 180 0.2825 vVVWw 12 
210 0.1703 ms 86 340 0.2845 nil 9 
220 0.1801 nil 1 270 0.2892 m 46 
150 0.1882 m- 20 350 0.3019 w 42 
230 0.1952 m 70 190 0.3149 w- 23 
060 0.2029 vw 18 360 0.3219 w- 21 
240 0.2146 Ww 34 400 0.3346 Ww 56 
160 0.2212 m 49 370 0.3442 vw 30 
“¥ 0.3476 w- 42 





250 0.23733 m 77 © 1.10.0 





The relatively strong reflexions 210,230,250 and 270 show that sin2u, and 
sin2%. have the same sign, whereas the weak 200 reflexion indicates that 
cos2u; and cos2%2 have opposite signs. It follows from this result that one of 
the parameters lies between 45° and 90°, the other between 0° and 45°. 

Using the value v2 = 50° (and inserting the values of the scattering powers 
from Table V) we find for the structure amplitudes of 110 and 150: 


F| 110 
F| 150 


77.5(cosu; — 0.52 cosue) 


60(cos#; — 0.58 costs). 
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The observed intensities of these two reflexions cannot be explained on the 












































































basis of the structure amplitudes given above. We must consequently use 
the value 7. =40°. ‘ 
TABLE IIT. Spectra hkl. 
hkl sin 6 Int. obs. F hkl sin @ Int. obs. |F| 
111 0.1331 s 6l 212 0.2597 m— 67 
121 0.1453 nil 5 222 0.2662 nil 1 
131 0.1638 s 47 171 0.2690 vw 29 
141 0.1865 s 98 152 0.2718 Ww 17 
211 0.1965 m 28 232 0.2767 m- 59 
221 0.2050 m— 47 261 0.2819 vw 38 
151 0.2110 s 54 242 0.2907 vw 29 
112 0.2158 vw 11 162 0.2956 Ww 42 
231 0.2185 Ww 19 181 0.2990 w 70 
122 0.2235 m 46 252 0.3079 Ww 67 
132 0.2359 nil 4 172 0.3181 nil 1 
241 0.2360 nil 2 262 0.3291 VVWw 2 
161 0.2420 nil 10 191 0.3298 Ww 43 
142 0.2523 nil 7 182 0.3439 nil 11 
251 0.2568 w- 33 192 0.3710 w- 21 
TABLE IV. Determination of parameters v, and ¢ 
>< 30 35 40° 45° Observed 
“ie —— = a a 
1 _ ee — ne een eet ee 
3 17 36 42 080 s 
|} —35 12 6 27 38 0.10.1 wm 
42 39 49 68 081 Ww 
| | 74 85 81 61 0.10.0 vw 
| 
39 59 78 84 080 s 
| 61 42 22 8 0.10.1 wm 
—40° | 18 14 25 44 O81 w 
60 71 67 46 0.10.0 vw 
55 75 94 100 080 s 
82 64 44 30 0.10.1 wm 
—45 26 29 19 0 081 W 
13 24 20 0 0.10.0 vw 
39 59 78 84 080 s 
61 43 22 8 0.10.1 wm 
— 50° 69 73 62 44 081 Ww 
34 22 27 47 0.10.0 vw 
3 17 36 42 080 s 
—55° 12 6 27 38 0.10.1 wm 
93 97 87 68 081 Ww 
48 36 41 61 0.10.0 vw 
TABLE V. F Curves.5 
sin 0 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
Ge 32 30 26.6 23.5 20.6 18.2 16.6 15.1 13.8 
S 16 14.6 52.3 10.6 9.0 8.0 a 6.6 5.8 
° The F curves for Ge and S were calculated by the method of Thomas, Proc. Cambridge 








Soc. 23, 5, 542 (1927). 
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In order to get structure amplitudes for 130 and 170 that are approxi- 
mately zero, we must require that cosw, is somewhat less than cosm. It 
follows that m >45° and 12.<45°. 

The best agreement between observed and calculated intensities was 


obtained with: 
uN, = 60° uy = 40° 


the accuracy of the values being of the order of +5°. 


IV. DIsCUSSION OF THE STRUCTURE 


In Figs. 1 and 2 are given projections of the structure on the a face and 
on the c face. The structure may be described as a highly deformed rocksalt 


(cae) @~ (7) 072 
= oe (28!) Qo: —@e) = 
048 LS2 167 } oe 72 


b=10.42A 








C=364A 











Fig. 1. This shows a projection of the structure on the a face. Germanium atoms are repre- 
sented by solid circles, sulphur atoms by open circles. Numbers give heights of atoms above 
projection plane. The close approximation to the rocksalt lattice in the 100 zone is clearly shown 


in the drawing. 
I 
{c) | e:- 
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ee —© 
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Fig. 2. Here is a projection on the c-face. The great deformation of the rocksalt 
arrangement in the direction of the a-axis will be noticed, 


lattice. The observed axial ratio of 0.412:1:0.349 corresponds quite closely 
to 3(2)!:2:4(2)§. It is readily seen from the figures that the deformation 
from the ideal rocksalt lattice is greatest in the direction of the a axis. The 
parameters of the ideal rocksalt lattice would be: ™ =90° mu. =90° v, = —45° 
and v=45°, and the axial ratios would be: 0.3535:1:0.3535. We observed 
the values 1; =60° #2 =40° v, = —45° v2 = 40° and a:b:c =0.412:1:0.349. The 
axial ratios for SnS are 0.3883: 1:0.3566 and indicate that the approximation 
to the ideal rocksalt lattice is closer than in the case of GeS. 

A germanium atom is surrounded by six sulphur atoms at distances 
2.47A (one S atom), 2.64A (two atoms), 2.91A (one atom) and 3.00A (two 
atoms). The six sulphur atoms around each germanium atom form a some- 
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what distorted octahedron. The germanium atom is not lying at the center 
of this octahedron but is displaced toward one of the octahedral faces. In 
that manner we get two principal distances between germanium and sulphur, 
and we may state that germanium is surrounded by three sulphur atoms at 
an average distance of 2.58A and by three other sulphur atoms at an average 
distance of 2.97A. The difference between these two average distances is far 
beyond any experimental error. 

The distance of closest approach between two sulphur atoms is 3.55<A, 
other distances being 3.64A and 4.29A. 

I an indebted to Professor W. C. Johnson of the Chemistry Department 
of this University for the gift of excellent crystals of germano sulphide. 
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The Crystal Lattice of Potassium Pyrosulphite, K.S,.0;, and the 
Structure of the Pyrosulphite Group! 


By W. H. ZACHARIASEN 
Ryerson Physical Laboratory, University of Chicago 


(Received April 8, 1932) 


The crystal lattice of potassium pyrosulphite was examined in order to determine 
the structure of the pyrosulphite group. The Laue method and the oscillating crystal 
method were used. The dimensions of the monoclinic unit cell were found to be: 
a=6.95A, b=6.19A, c=7.55A, 8=102°41'. The density determination gave 2.34 and 
corresponds to two molecules K,S.O; in the unit cell. The space group is P2;/m(C2)?). 
Two sets of four oxygen atoms are lying in general positions with coordinates + (xyz) 

+(x, }—y, 2), while the remaining atoms are all lying in the reflection planes + (uit). 

The parameter values corresponding to the sixteen degrees of freedom were deter- 
mined accurately and uniquely. No other assumptions than those underlying the the- 
ory for the diffraction of x-rays by crystals were made. The final parameters are: 


K I K Il SI S Il O! Oll O lll 
x 0.22 0.65 0.70 0.01 0.07 0.63 0.67 
y 0.25 0.25 0.25 0.25 0.06 0.06 0.25 
Z 0.95 0.67 0.22 0.32 0.24 0.31 0.03 


In the lattice the potassium atoms are surrounded by nine or by seven oxygen 
atoms at average distances, respectively, of 3.01A and 2.78A. The pyrosulphite 
group can be described as a sulphite group and a sulphur dioxide molecule linked 
together by an electron pair bond between the two sulphur atoms. The sulphur to 
sulphur distance is 2.18A and the average sulphur to oxygen distance is 1.46A.* The 
atomic arrangement explains the observed cleavage and twinning. 


1. INTRODUCTION 


OR several years the author has been interested in the determination of 

the shape and accurate dimensions of inorganic groups in crystals. The 
results of a large number of such investigations have been published in dif- 
ferent journals during that time. However, there is yet a large field for studies 
along this line. Of the many different groups formed by sulphur and oxygen, 
for example, only the sulphate, the sulphite, and the dithionate groups have 
been examined. 

It is a generally known fact that the determination of atomic arrange- 
ments involving 10 or more degrees of freedom is a problem of extreme dif- 
ficulty. However, in many cases complicated crystal structures have been 
solved quite readily by utilizing empirical results deduced from already 
known atomic arrangements. To a large extent also chemical evidence has 
been used. However, when it is our object to get direct experimental data 
concerning the structure of unknown groups, it becomes clear that the pur- 
pose of the investigation fails, if the atomic arrangement is determined on 
the basis of assumptions of this kind. 


* The bonds formed by sulphur atoms, whether three or four in number, are directed to- 
wards the corners of a regular tetrahedron to a close degree of approximation. 

1 Some of the results of this paper were given in a Letter to the Editor, Phys. Rev. 40, 113 
(1932). 
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Some time ago I started upon an examination of the structure of potas- 
sium pyrosulphite with the chief object of finding the shape and dimensions 
of the pyrosulphite group. In agreement with the statements given above no 
assumptions other than those underlying the theory for the crystal diffrac- 
tion effects have been used in determining the parameter values correspond- 
ing to the 16 degrees of freedom involved. The labor necessary to solve the 
problem accurately and uniquely on such a basis naturally has been extreme. 
Nevertheless I have tried as far as possible to prepare the following account 
of the investigation in such a manner that each successive step of the solution 
may be retraced. 

Crystals of potassium pyrosulphite are described in Groth’s Chemische 
Krystallographie.* 

The symmetry is monoclinic prismatic with the following elements: 


crystals show a perfect cleavage parallel to 101. The birefringence is strong 
and negative. The plane of the optical axes is 010 and the acute bisectrix 
makes an angle of 1°10’ with the c axis in the obtuse angle 8. The angle be- 
tween the optical axes is 2V =76}° for Na light. The refractive indices are 
not given, nor is the density. 

I prepared crystals of K2S2O; by evaporating a concentrated solution of 
potassium carbonate which had been oversaturated with sulphur dioxide. 
Care was taken in order to prevent oxidation during the evaporation. The 
crystals were thick prisms parallel to the }) axis. Twins seemed to be more 
common than single individuals. The following faces were identified: 102, 
101, 201, 001, 110 and 210. An excellent crystal of approximate dimensions 
0.7 X1.5X0.7 mm was selected, and all the observations were taken on this 
crystal. The density was determined by the suspension method and gave the 
value 2.34. 


2. EXPERIMENTAL METHODS 


The Laue method and the oscillating crystal method were used. The pho- 
tographs were indexed by means of the ordinary graphical methods, 

Laue photographs were taken with the incident beam parallel to the 
three crystallographic axes and with the beam perpendicular to the a and ¢ 
face. The lower wave-length limit in the incident beam was 0.27A and had 
been checked on a number of known crystals. 

For the oscillation method Mo Ka radiation was employed. The distance 
from crystal to photographic plate was 5.00 cm and was calibrated by means 
of calcite photographs. With the photographic plate at right angles to the 
incident beam reflections with glancing angles up to about 20° could be re- 
corded. However, in several instances it was found desirable to measure re- 
flections with greater glancing angles; the photographic plate was then set 
so as to make an angle of 30° with the direct beam. During each exposure the 
crystal was oscillated through 15°. 

Thirty-five different photographs were taken and completely indexed, 


2 P. Groth, Chemische Krystallographie 2, 305, Leipzig, 1908. 
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and the intensity of some 700 reflections from different atomic planes was 
recorded. In this manner all possible reflections with sin@/X less than 0.5 
were measured and in addition a large number of reflections with sin@/X 
between 0.5 and 0.86. A suitable selection of about half of the observations 
are compiled in Tables IV, V, VI and VIII. 

The F curve values used in the investigation were taken from James and 
Brindley’s recent paper’ and are given in Table I. In accordance with modern 


TABLE I. £ curve values. 





sind/\ 0 0. 10 0. 2 0.30 0.40 0.50 0. 

















60 0.70 0.80 0.90 

K** 18 16.5 13.3 10.8 8.9 7.8 7.0 6.4 5.9 5.3 
St. 14 12.1. 10.1 8.8 7.8 6.9 6.0 5.2 4.5 3.9 
7.5 ? 1.8 1.55 1.50 1.4 


QO 9 5.4 3.8 2.8 ro 








views the state of ionization was taken as K*!, St*, O-'. This assumption has 
no real physical meaning and is also of little consequence as far as the numer- 
ical values of the scattering powers are concerned, because of the small con- 
tribution from the valence electrons in the regions of sin@/A where we have 
observations. The F curve values in Table I are not corrected for thermal 
motion; as we have only relative intensity measurements this correction is 
of little importance. 
3. Unit CELL AND SPACE GROUP 

The choice of axes given by Groth is not very satisfactory. I have found 
it desirable to change the direction of the crystallographic a-axis so as to 
correspond to an angle 6 which is closer to 90°. This is accomplished by tak- 
ing the a-axis in the direction with zone indices [101]. The new crystallo- 
graphic elements then become: @a:b:c=1.1212:1:1.2222, B=102° 41’. If 
h’k'l’ are the Miller indices referred to Groth’s axes, hkl the Miller indices 
in the new set of axes, the transformation formulae will be: h=—jh’—l’ 
k=k'l=l'. In the following all indices are referred to the new axes. 

All the observations agree with the following unit cell: a=6.95A b=6.19A 
c=7.55A 8=102° 41’. The axial lengths are accurate to 0.02A. The axial 
ratios are: 1.123:1:1.220. 

The observed density of 2.34 gives two (2. 02) molecules in the unit cell. 
The calculated density is, conversely, 2.31. 

The only class of absent reflections are the odd orders from 010. As the 
symmetry is monoclinic prismatic all space groups except the holohedral 
ones must be rejected. All the space groups except P2/m(C2,') and P2,/m 
(Cs,2) are ruled out through observed reflections. The absence of odd orders 
from 010 shows that the b axis is a screw axis rather than a rotation axis. We 
conclude therefore that P2;/m is the correct space group. 


4. DISTRIBUTION OF THE ATOMS AMONG THE AVAILABLE 
POSITIONS OF THE SPACE GROUP 
In the space group P2,/m we may have twofold or fourfold positions. 
We get twofold positions by placing the atoms in centers of symmetry or in 


3 James and Brindley, Zeitschr. f. Krist. 78, 470 (1931). 
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the reflection planes. The coordinates of the atoms are: centers of symmetry: 
(000)(030), (300)(340), (003)(033), (403)(433); Reflection planes: + (uv). 
The fourfold positions correspond to coordinates: + (xyz) +(x, }—y, 2). 

Since there are ten oxygen atoms in the unit cell, it follows that at least 
two of them must lie in centers of symmetry or in reflection planes. 

For reflections with sin? \ greater than 0.4 we may with good approxi- 
mation leave the oxygen contribution out of consideration because of the 
small scattering power. As the reflections 060,080 and 0.10.0 all are exception- 
ally strong, it follows that the contributions from potassium and sulphur 
atoms must be in phase. The potassium and sulphur atoms therefore must 
all have coordinates zero in direction of the }-axis, or they must all have 
coordinates }. The former possibility must be rejected as it cannot account 
for the great intensity of reflections from planes with odd index  (e.g., 510 
and 470). Consequently the potassium and sulphur atoms all lie in the re- 
flection planes; i.e. 2K Tin + (247), 2K 1] in + (etm), 2ST in +(u3}73) and 
2S1I in +(ay42,). 

The contribution from potassium and sulphur to the structure amplitude 
of a reflection hk/ is: a. k even, 

(— 1)*/22[K[ cos 2a(huy + le1) + cos 2x(hite + lee) | 
+ S[cos 2x(hus + v3) + cos 2x(huy + lv,) |] 
b. k odd, 
(— 1){*t) 22(K [sin 2r(huy + lv) + sin 2r(hits + lvg) | 
+ S[sin 2x(hus + lv3) + sin 2x(huy + 124) ]] 


It is seen from these expressions that, except for the decrease in scattering 
power with increasing &, the contribution from potassium and sulphur is the 
same for reflections hO/, #2/, h4l.. . with constant h and /, and also for re- 
flections h1/, h3l, h5/... If the oxygen atoms have no effect, or if they are 
lying all in the reflection planes, the intensities of reflection in the series 
hOl, h2l, hal... and hil, h3l, hdl... will decrease regularly with increasing 
k. This is not the case as the observations of Table III definitely show. In 
order to account for the great deviations from such a regular decrease it 
becomes necessary to put two sets of four oxygen atoms in general positions; 
1.e., 

4O1 in + (xiyiti) + (413 — yiz1) 


At this stage of the investigation it is hardly possible to decide with any 
degree of certainty whether the two remaining oxygen atoms are situated in 
centers of symmetry or in reflection planes. This question we will therefore 
try to settle later (see page 929). 

5. DETERMINATION OF PARAMETERS FOR OXYGEN 
ATOMS IN GENERAL POSITIONS 
The observed intensities for the different ORO reflections are given in 


Table II. The structure amplitudes are as follows (neglecting the contribu- 
tion from the oxygen atoms in twofold positions). 
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TABLE II. Reflections 0k0.* 


ORO: 020 040 060 O80 0.10.0 
sin 6/X: 0.1616 0.3231 0.4847 0.6462 0.8078 
Int. obs.: vs vs ms Ww w- 


TABLE III. Prominent differences in intensity due to oxygen contribution. 


hOl O01 vw 002 vs 201 nil 201 vs 300 vs 103 nil 403 nil 


105 w 
h2i 021 wm 022 vw 221 vs 221 nil 320 w 123 w 423 m 125 s 
h4l O41 vww 042 w 241 w 241 w 340 m 143 vvw 443 vw 145 m 
hil 210 vs 013 ms 212 m— 114 w 410 w 
h3l 230 w 033 w-— 232 nil 134 s 430 m 
hsl 250 m 053 w 450 vw 


* In this table and in subsequent tables the intensities are indicated in the order vvs, vs, 
s, Ms, Mw, W, Vw, vvw, and nil. (v=very, s=strong, m= medium, w = weak). 


(— 1)**(4K + 4S) + 40(cos 2rky, + cos 2rkye). 


If the general decrease of intensity with increasing glancing angle is taken 
into consideration it becomes apparent that the fourth, sixth and tenth order 
are exceptionally strong reflections, whereas the second and eighth are re- 
latively weak. These observations are explained if we choose: 

2rvi = 20° eve = 20°. 

We will next try to fix the parameters x; and x. by making use of the 
observed intensities for reflections hkO complied in Table IV. The structure 
amplitude for these reflections takes the form: 

a. k even, 
(— 1)* 22(K [cos 2rhu, + cos 2rhus| + S(cos Jrhu; + cos 2rhus) | 
+ 40cos k20° [cos 2rhx; + cos 2rhxe| 
b. k odd, 
(— 1)¢4t 22[K(sin 2rhu, + sin 2rhue) + S(sin 2rhuz + sin 2rhu,) | 
— 4Osin k20° [sin 2rhx; + sin 2rhxe]. 

From considerations of the relative intensities of reflections h00, 420, 

h40...and of reflections 410, 130, h50... the following conclusions as to 


the magnitude of cos2rhx,+cos2rhx. and of sin2rhx,;+sin27hx. can be 
drawn: 


cos 2rhx,;+cos 2rhx, sin 2rhx,+sin 2rhx, 

h=1 very small small 

2 medium small very large 

3 large very small 

4 large medium large 

5 small large 

6 medium small small 

7 large small 


Because of the space group symmetry, we may arbitrarily choose the 
parameter x, such that 0° < 27x, <90°. The large value of sin272x,+sin272x2 
indicates parameters close to 45° and 225°. It is easily deduced from the 
above list that only the following two sets of parameter values are possible: 


2ex, = 25°, 2wxg = 225°; or 2wx, = 45°, 2wxe = 205°. 
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These two sets are, however, equally justified as we can derive one from 
the other; it is therefore immaterial which of the two sets we choose. We 
therefore take: 
2ax, = 25°, 2xx_ = 225°. 

In order to determine the parameters 2; and 2. we proceed in a similar 
manner. From the observations compiled in Table V for reflections Ok/ the 
following results are obtained 


cos 2rlz,+cos 27lz2 sin 2rlz,+sin 27/lz, 

l=1 small very large 

2 very large very small 

3 small large 

4 medium small medium small 

5 small small 

6 very small very small 

7 very small 


It is at once apparent from these conclusions that 272, and 272. both must 
be close to 90°. The most accurate parameter values were found on the basis 
of our observations for reflections hOl, h2/, h4l ... and hil, h3l, h5l . . . using 
the values for x; and x2, which we determined previously. The final results of 
these calculations are: 

2mz, = 85°, 2xze = 110°. 


We are thus in the interesting situation that we have been able to fix the 
positions of some of the atoms without knowing anything about the arrange- 
ment of the rest of the atoms. 


6. DETERMINATION OF PARAMETER VALUES FOR 
POTASSIUM AND SULPHUR ATOMS 


Knowing the oxygen lattice we can from an inspection of the observations 
on the basis of the expression for the structure amplitude, get definite in- 
formation about the potassium plus sulphur contribution for each individual 
reflection. 

The difference in scattering power between potassium and sulphur is 
small, in fact so small that it seems impossible to distinguish a potassium 
atom from a sulphur atom by means of intensity considerations alone. For 
a time we will therefore treat the potassium and sulphur atoms as if they were 
alike and give them a scattering power of }(K+.S). When we have fixed the 
positions of all the atoms in the unit cell, we will try to find a method by 
means of which a distinction can be made. 

Let us at first determine the 4 parameters in the direction of the a@ axis, 
namely 1; “2 “4; and us. For that purpose the observed intensities of reflections 
hkO have to be used. Having determined the oxygen positions we are able to 
calculate the contribution of the oxygen atoms to the structure amplitude. 
We have, for example: 


300 2K(S) [cos 273; + cos 273u2 + cos 243u3 + cos 2434] + 3.880 vs 
320 — 2K(S) [cos 273; + cos 273u2 + cos 2r3u3 + cos 2r3u,| + 2.990 w 
340 2K(S) [cos 2r3u; + cos 2r3u2 + cos 273u3 + cos 2r3u,| + 0.660 m 
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In order to account for these observations we must have cos273u,+ 
cos2r3u.+cos2r3u3+cos2r3u, very large and positive. Proceeding in this 





manner for all observations in Table 1V we get the following conclusions: 






cos 2rhu,+cos 2rhus+cos 2rhu3+cos Jrhuysin2rhu, +sin 2rhu.+sin 2xhus+sin 2h, 








h=1 very small small negative 
2 medium large negative very large positive 
3 very large positive very small 
4 medium large positive large negative 
5 very small large positive 
6 medium small positive medium large 
7 medium large very small 





It is our task then to find values of the four parameters which satisfy the 





above results. This necessarily requires lengthy calculations, but can never- 






theless be carried out uniquely. Definite starting points for the calculations 



























are readily found. The very large contribution to the 210 reflection shows 
definitely that all the parameters lie within the ranges 0—0.25 0.50—0.75. 
Since the contribution to the reflection 510 also is very large we must look 
for values in the ranges 0 — 0.10 0.20 —0.25 0.60 —0.70. By continued calcula- 
tions of this kind we can eventually find the accurate values. The best agree- 
ment was obtained with the following set : 27, = 80°, 22 = 235°, 273 = 250°, 
2rus=5°. No other essentially different set can account for the observations. 

The determination of the parameters 7 v2 73; and 7; is carried out in the 
same manner. Besides the observations collected in Table V we are, however, 


TABLE VI. Reflections hOl. 


hoo 61 F ho. J F ho2 1 F h03 61 F h04 I F hos 1 F h06 I F 

600 vw-—- 22 

500 vvw 10 501 vvww -9 502 w 12 

400 vw —2 401 nil 0 402 w 30 403 w —14 404 w —25 

300 vs 77 301s —55 302 ms —66 303 m 38 304 vvw 0 305 w —34 

200 w —23 201 vs —68 202 wm —-—39 203 m— 35 204 nil 6 205 w —37 

100 vvw 6 101 m 30 102 m —28 103 nil 1 104 w 18 105 m 39 106 vw — 14 
001 vw 16 O02 vs —61 003 vs —71 004 w 29 005tw —17 006 ni 14 

1 00 vvw 6 101 w —13 102s —49 103 wm —27 104 w- —4 105 wm —43]06vw— —33 

900 w —23 901 nil —4 902 w —24 903 m —42 904w —21 905 vw 11106w 14 

300 vs 77 301 w 10 02 ms —36 303 wm 41 304 w- 14 305 nil 14306 m 60 

400 vw —2 401 wm 37 402 vw 5 403 nil —-1 404 w 33 405 vvw —3 406 vw —18 

500 vvw 10 501 vw 7 502 vw 16 503 w 8 504 w —31 505 vw —23 

600 vw— 22 601 vvw 2 602 w —26 §03 vvw 1 


now also able to utilize the observed intensities of reflections hk/. From de- 
tailed calculations it can be shown that there is only one set of values which 
can satisfactorily account for the observations, namely the following: 


2rv,; = 340°, 2rve = 240°, 2xv3 = 80°, 2xvy = 115°. 


7. DETERMINATION OF PARAMETERS FOR OXYGEN 
ATOMS IN TWOFOLD POsITIONS 
The effect on the intensity of the oxygen atoms in twofold positions we 
have so far left out of consideration. This effect is small because there are 
only two of these atoms and because their scattering power is small. However 
it is certainly large enough to be detected at small values of sin@/A. The 
parameters which we already have determined must be very accurate as 
there is a satisfactory agreement between observed and calculated intensities 
even for reflections corresponding to very large sin@/X. 
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If therefore discrepancies exist at small values of sin@/A, they cannot be 
accounted for by changes in the parameter values, and must consequently 
be attributed to the effect of the two oxygen atoms. In Table VII are seen a 
number of such discrepancies. 


TABLE VII. Calculated amplitudes without contributions from oxygen atoms in twofold positions. 


hol J F hil JI F h2l J F h3l JI F 
001 vw 0 O11 m —26 021 m —13 031 wm —24 
100 vvw 14 110 m 19 120 vw —4 130 w —8 
101 w —3 111 nil —10 121 w- 9 131 nil 7 
101 m 27 111 vs —67 121 nil 0 131s 40 
002 vs —74 012 vw 6 022 vw —3 032 nil a 
102 s — 39 112 vs — 84 122 s 41 132 vs 78 
200 w —17 210 vs —68 220 m 39 230 wm 19 
201 nil 1 211 w 32 211 vs 64 231 nil —6 
102 m 30 112 vww —20 122 s —58 132 vvw 1 
201 vs —61 211 w —19 221 nil —3 231 vw s 
202 w —22 212 w- 20 222 w — 20 232 w 16 
103 wm —17 113 nil —5 123 


nil —15 133 nil 8 

For example, the calculated structure amplitude for the 100 reflection is 
too large, while it is too low for 110 and 120. The fact that discrepancies occur 
for reflections with odd k shows that the two oxygen atoms must lie in the 
reflection planes, i.e., +(u5}v5)-cos27u; and sin27u; must be negative in 
order to explain the discrepancies mentioned; consequently 271; must lie 
between 180° and 270°. The calculated structure amplitudes for the reflec- 
tions 001, 011, 021 are all too low; 277; must therefore lie between 0° and 90°. 
Detailed calculations of this kind give as result the accurate values: 


2xu; = 240°, 277; = 10°. 


8. THE FINAL PARAMETER VALUES 


We have thus been able to determine all the 16 parameters in the struc- 
ture on the basis of observed intensities alone. From careful considerations 
an accuracy of +0.01 can be claimed for all values except u; and v5. For the 
latter parameters the accuracy is of the order +0.03. I wish to emphasize 
that the determination is unique; no other set of parameter values essentially 
different from the one given can account for the observed intensities. The 
agreement between observation and calculation no doubt can be slightly 
improved at large values of sin?’ by minute changes in the parameter values 
within the limits given. No weight can be given to minor discrepanices due 
to the fact that the scattering power may be different in different directions 
from lack of spherical symmetry. 

As previously stated we cannot distinguish between a potassium and a 
sulphur atom by means of intensity considerations alone. A large number of 
atomic arrangements containing potassium and oxygen atoms are known 
with great accuracy. The closest distance ever observed between potassium 
and oxygen atoms is of the order 2.7A. In the potassium pyrosulphite struc- 
ture the atoms with coordinates 7; and %2% all have distances from adjacent 
oxygen atoms greater than 2.69A, whereas the atoms with coordinates 303 
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and u,v, have distances from oxygen atoms as low as 1.45 and 1.44A. It is 
therefore reasonable to conclude that the former atoms are potassium, the 
latter sulphur. 

The structure amplitudes calculated on the basis of the determined para- 
meter values and with the proper F curve values are given in the Table IV, 


V, Vi and VIII. 


TABLE VIII. Reflections hkl. 





sin@/X hOl J F hil JI F hl TI F h3l J F hal J F 
0.0679 O01 vw 16 O11 m —28 O21 m —23 031 wm —23 041 vvw 11 
0.0737 100 vvw 6 110 m 32 120 vw 3 130 w —16 140 vvw 3 
0.0885 101 w —13 111 nil —1 12I w— 17 131 nil 0 141 w —9 
0.1106 101 m 30 111 vs —55 121 nil 4 131s 32 141 vw 7 
0.1357 002 vs —61 012 vw 2 022 vw —12 = 032 nil 5 042 w —19 
0.1395 102s —-49 112 vs -76 122s 49 132 vs 73 142 ms —35 
0.1474 200 w —23 210 vs —80 220 m 44 230 wm = 26 240 w —24 
0.1481 201 nil —4 21lw 20 221 vs 67 231 nil 1 241 w —25 
0.1680 102 m 28 112 vvww —-9 122 s —56 132 vww —7 142 m—- 31 
0.1752 201 vs —68 211 w —27 221 nil 3 231 vw 14 241 w —25 
0.1770 202 w —24 212 w- 9 222w —-19 232 w 23 242 nil 1 
0.2007 103 wm —27 113 nil 0 123 nil —7 133 nil 5 143 nil —1 
0.2036 003 vs —71 013 ms 49 023 s— —43 033 w-— —15 043 m 41 
0.2165 301 w 10 311i m— 40 321 vw-—-6 331 w —24 341 vw- 5 
0.2211 300 vs 77 310 vvww 12 320 wm —39 330 vw —13 340 m 45 
0.2212 202 wm —39 212 m— 35 £222 w 31. 232 nil —5 242 ww —25 
0.2235 203 m —42 213 w— —-15 223 ww —5 233 vw-—-—12 243 vww —11 
0.2312 103 nil 1 113 w 16 123 w —24 133 vvw 7 143 vvw 10 
0.2326 302 ms —36 312s 47 322 m 28 332m —38 342 w —28 
0.2451 301s —55 311 vww -—-9 321m 35 331 vw--—lil 341 m —37 
0.2651 108 w— -—-4 114 w 25 124 vvww O 1345 —44 144 vvw 0 
0.2655 303 wm 41 313 w— 13 323 wm —38 333 vww-— —5 343 w 29 
0.2714 004 w 29 +014 w 26 = 024 nil 4 034 w -—32 044 nil 9 
0.2763 203 m— = 35 213 s —51 223 vw —4 233 m 42 243 w 17 
0.2790 208 w —-21 214 wm -40 224m 58 234 wm —52 244 w —31 
0.2837 302 ms —66 312 vww-— 7 322 w— 26 = = 332 nil 6 342 wm —39 


0.2876 401 wm 37 411m 37 «6421 nil -—-4 431 m —49 441 vw 15 


0.2948 400 vww -—-2 410 wm 40 420 w— —28 430 m —49 440 nil 15 
0.2962 402 vw 5 412 m——-32 422 w— 23 432m 53 442 nil —8 
0.2964 104 w 18 114 nil —16 124 w 22 134 w- 26 144 nil —4 
0.3101 304 w-— 14 314 nil -—2 324 w —29 334 nil —-1 344 w- 17 
0.3167 401 nil O 411 nil -—-3 421 vwww-15 431 w- 18 441 nil 6 
0.3193 403 nil -—-1 413 vww -—7 423 m —41 433 w 20 443 vw 19 
0 


.3310 105 wm —43 115 w-— —1/7 125 s 73. 135 w- 16 145 m —50 








TABLE IX. Final parameter values. 








In angular measure In fractions of cell dimensions 








Atoms 2ax 2ry 272 x y Z 
KI 80° 90° 340° 0.22 0.25 0.95 
K II 235° 90° 240° 0.65 0.25 0.67 
SI 250° 90° 80° 0.70 0.25 0.22 
SII - 90° 115° 0.01 0.25 0.32 
Ol 25° 20° 85° 0.07 0.06 0.24 
Oll 225° 20° 110° 0.63 0.06 0.31 
O lll 240° 90° 10° 0.67 0.25 0.03 








| 
| 


In Table IX are listed the final parameter values, expressed in angular 
measure and in fractions of the cell dimensions. 

















CRYSTAL LATTICE OF POTASSIUM PYROSULPHITE 


9. DISCUSSION OF THE ATOMIC ARRANGEMENT 


A projection of the atomic arrangement on the 010 face is reproduced in 
Fig. 1. 

9 () 
A ( 


UU e 








| lou 
oy ee 8) @:: 
® / ay eo: 64 / 344 


“7 } 5.85 


3 @e64 . Bae @:6: 





O) ® 
Fig. 1. The atomic arrangement projected on the } face. Large open circles represent oxy- 
gen atoms, large filled circles represent potassium atoms and small filled circles represent sul- 
phur atoms. The attached numbers give the heights of the atoms above the projection plane 
expressed in A. Only some of the potassium to oxygen bonds are drawn. 





A 
©) COO 
Fig. 2. The pyrosulphite group. Atoms denoted A and B are sulphur 
atoms, atoms denoted CDEFG are the oxygen atoms. 


A potassium atom of the first kind (K I) is surrounded by nine oxygen 
atoms at approximately the same distance. There are two O I atoms at a 
distance of 2.88A, twoO I atomsat 2.91A, two OII atoms at 3.02A, two OIII 
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atoms at 3.21A and one O III atomat 3.01A. The average distance K I —0 
is 3.01A. 

A potassium atom of the second kind (K IT) is surrounded by seven oxygen 
atoms at an average distance of 2.78A. There are two O I atoms at 2.69A, two 
© II atoms at 2.74A, two OII atoms at 2.95A and one O III atom at 2.71A. 

The fact that the average distance Kk I—O is greater than the average 
distance K II—O is in agreement with the empirical result that the intera- 
tomic distance increases with increasing coordination number. The distances 
Ik —O calculated for cordination numbers 9 and 7 from ionic radii published 
by the author are 2.93A and 2.85A,‘ against the values 3.01A and 2.78A 
observed. 

The structure found for the pyrosulphite group is of exceptional interest. 
A drawing of the group is reproduced in Fig. 2. We may most conveniently 
describe the radical as consisting of a sulphite group and a sulphur dioxide 
molecule with a bond between the two sulphur atoms. The structural formula 
consequently has to be written as 

O O 


Oo—S—S—O 
O 


whereas the formula given by the chemists: 


O O 
{ | 
S—O—S 
O O 
is incorrect. 
The distances within the S.O; group are: (the lettering referring to Fig. 2): 


SI-SII (A-B) 2.18A OI-O!l (F—G) 2.41A 

SI-OII (A—C,A-D) 1.49A OIl-Oll (C—D) 241A 

SI-OTlll (A—E) 1.444 OIl-Olll (C—E, D—E) 2.49A 
SH-Ol (B— F, B—G) 1.45A 


The angles between the four bonds of SI are: (<{ BAC and x BAD) 105°, 
(x CAD) 108°, (X{CAE and X DAE) 1163°, (X BAE) 104°. 

The angles between the three bonds of S II are: (X FBG) 112°, (X ABF 
and x<ABG) 102°. 

The closest distance between oxygen atoms belonging to different pyro- 
sulphite groups is greater than 3.4A, in harmony with predictions made by 
the author.‘ A further indication of the stability of the crystal lattice is the 
large distance between potassium atoms and between a potassium atom and 
a sulphur atom. 

The reason for the observed cleavage parallel to the 001 face (the 101 face 
according to Groth’s axes) is obvious from Fig. 1. There are only four potas- 
sium to oxygen bonds per 42A? of surface crossing the 001 face. The reported 
twinning after the 101 face is due to the fact that the perpendicular to the 
twinning plane is a pseudo-twofold axis. 


4 W.H. Zachariasen, Zeitschr. f. Krist. 80, 137 (1931). 
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The atomic arrangement is too complicated to allow a calculation of the 
optical properties. The acute bisectrix lies very nearly perpendicular to the 
connection line between sulphur atoms in the (S205) groups. 


10. THE RELATIONS BETWEEN THE STRUCTURE OF THE PYROSULPHITE 
GROUP AND THAT OF OTHER SULPHUR OXYGEN GROUPS 


The structures of the sulphate group,’ the sulphite group® and the di- 
thionate group’ have been determined previously. The angles between the 
bonds are in all cases close to the tetrahedral angle (1093°). According to 
ideas presented by Pauling® and Slater® the angle between bonds which can 
be ascribed to p electrons tends to be 90°. If, however, the p and s eigen- 
functions have lost their individuality due to the perturbations, the angles 
between the bonds will tend to be 1093°. 

All the groups (S,,0,)~* can be interpreted by means of single electron 
pair bonds. Closed shells of four electron pairs are then formed around every 
atom in the group. The structure of the pyrosulphite group represented in 
two dimensions will be.: 

:0: 
16:8 + 8:6: 
:O: 30: 

If we remove an oxygen atom in the dithionate group without altering 
the arrangement of the remaining atoms, we get the structure of the pyro- 
sulphite group. In the pyrosulphite group the four atoms ACDE of Fig. 2. 
give us an (SO;)~* group of practically the same shape and dimensions as was 
found in the crystal lattice of NasSO;. Analogously we would expect the 
three atoms BFG of Fig. 2 to represent the structure of the group (SOQ.)~*. 
The atoms AB give us an (S,)~* group practically the same as found in Fes. 
Also the groups (S:02)~*, (S203)~* and (S:O0,)~* can be represented by Fig. 2 
if we remove some oxygen atoms. We do not know, however, which of the 
oxygen atoms we must remove. For example we can get two models for the 
structure of the (S.0;)~* group, either the atoms ABCDE or the atoms 
ABCDF. 

However, predictions of this kind need experimental verification. In- 
vestigations on the structure of other groups formed by sulphur and oxygen 
have been started in this laboratory. 


5 E.g., W. H. Zachariasen and G., E. Ziegler, Zeitschr. f. Krist. 81, 92 (1931). 
6 W. H. Zachariasen and H. E. Buckley, Phys. Rev. 37, 1295 (1931). 

7M. L. Huggins, and Glenn O. Frank, Amer. Min. 16, 580 (1931). 

8 L. Pauling, J. Amer. Chem. Soc. 53, 1367 (1931). 

9 J. C. Slater, Phys. Rev. [2], 37, 481 (1931). 
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Some Factors Involved in the Disappearance of Hydrogen 
in the Presence of Potassium or Lithium Ion Sources 


By C. H. KuNsMAN AND R. A. NELSON 


Fertilizer and Fixed Nitrogen Investigations Bureau of Chemistry and 
Soils, U. S. Department of Agriculture, Washington, D. C. 


(Received April 26, 1932) 


The rate of clean up of hydrogen was observed on potassium and spodumene glass 
surfaces, sources of K and Li ions respectively. Although there has been considerable 
difference of opinion as to the nature of this disappearance of hydrogen, i.e., whether 
it is a surface or gas phase reaction, our results show that the entire effect can be ac- 
counted for by a reaction on or within the hot glass, very likely the formation of 
water vapor. 


ONSIDERABLE interest has recently been shown in the relative ac- 

tivity of positive ions and electrons in activation and chemical reaction. 
The experiments to be reported are concerned with the disappearance or 
clean up of gases in connection with hot surfaces used as positive ion sources 
and were conducted in the same manner as the recent experiments of Lei- 
punsky and Schechter! and Mitchell.* 

In the various experiments positive thermions of lithium, potassium or 
caesium were accelerated toward a collector with speeds up to 400 volts in a 
chamber containing hydrogen and immersed in liquid air. The disappearance 
of hydrogen was measured as a function of the positive ion current and speed 
of the positive ions. Leipunsky and Schechter used a platinum strip coated 
with an iron-aluminum-potassium oxide mixture and reported a clean up 
corresponding to 10 molecules of hydrogen per lithium ion at 125 volts to 
1000 molecules of hydrogen per potassium ion at 270 volts, and observed 
some critical potentials. 

Mitchell found an initial rate of decrease in the pressure of hydrogen due 
to the hot filament alone and an increased rate of decrease in pressure when 
lithium and caseium ions from spodumene and pollucite, respectively, left 
the surface and bombarded the hydrogen gas with from 15 to 320 volts 
speed. In this case the number of hydrogen molecules disappearing per posi- 
tive ion varied from 0.01 to 0.5. The hydrogen clean up was independent of 
the voltage and no critical potentials were observed. 

Although some of our preliminary experiments were carried out on sup- 
ported iron-aluminum-potassium oxide surfaces, effective catalysts for am- 
monia synthesis, most of the work was done on glass coated filaments illus- 
trated in Fig. 1. This source of positive ions has been previously described.’ 
Either potassium glass or spodumene was drawn in the form of a tube and 


' Leipunsky and Schechter, Zeits. f. Physik 59, 857 (1930). 
2 Mitchell, J. Frank. Inst. 210, 269 (1930). 
3 Cottrell, Kunsman and Nelson, Rev. Sci. Instr. 1, 654 (1930). 
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sealed onto a platinum or tungsten core and mounted as the anode ina 


vacuum tube. The outer surface of the anode was coated by sputtering with 
a thin coating of platinum. This platinum coating was earthed or kept at 


To Pump, M‘Leod and 
Pirani Gauges ere 


+ Potassium Glass 





Platinum Coating 





Platinum 
Ribbon Core 
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Fig. 1. Apparatus for the study of the disappearance of gases on glass coated filaments. 


zero potential and a source of potential that could be varied applied to one 
end of the filament. With a current flowing through the core sufficient to 
heat the anode to a dull red temperature, an electrolytic potential will drive 
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Fig. 2. Hz clean up and arrangement of potentials with a potassium glass filament. 


the potassium or lithium ions either to the core or to the platinum coated 
surface depending on the direction of the applied potential. The hot anode 
surface was about 2} cm*. The positive ions were drawn from the surface 
through the hydrogen to the platinum gauze collector by placing a suitable 
potential on the latter. This source of ions has the advantage that at a given 
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temperature the positive ion current can be varied through wide limits. The 
volumes of the bulbs immersed in liquid air varied from about 200 ce to 
250 cc. By means of the Pirani gauge 0.07 percent change in pressure could be 
detected between 0.01 mm and 0.1 mm, the pressure range studied. This was 
30 to 100 times as sensitive as the McLeod gauge. 

Fig. 2 gives the results for a potassium glass filament, a source of K* ions. 
In the upper right hand corner of the figure the arrangement of potentials 
to the elements of the tube is shown. As V~x is varied from positive to negative 
the K* ion current is decreased, so that the electrolytic decomposition of the 
glass and direction of mobility of the K* ions can be varied at will. The 
results of these curves show that for nitrogen (curve 3) there is no decrease 
in pressure or disappearance of gas whatsoever. Curve 1 for hydrogen shows 
an increase in the rate of decrease of the hydrogen pressure as the positive 
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Fig. 3. H, clean up, lithium ion currents and potentials with a spodumene glass filament. 


ion current is decreased or as K* is kept from going to the surface and en- 
tering the gas phase at 150 volts speed. In curve 2, V,=0, that is, no ions 
enter the gas phase and therefore no gas phase reaction takes place, the re- 
action of hydrogen clean up taking place on or within the hot surface. Curves 
1 and 2 are practically identical and there is no indication in this or any 
similar test that the K+ ions entering the hydrogen gas contributed a meas- 
urable amount to the decrease in the pressure of hydrogen. Our explanation 
of these results is that K*+ from KeSiO ; is electrolyzed through the glass, 
away from the surface and toward the core, leaving the SiO; ion temporarily 
free. Hydrogen soon replaces potassium giving H2SiO;, which decomposes to 
SiO. and H2QO. Thus what actually takes place is the formation of water vapor 
on the hot surface. Fig. 3 shows similar results for a spodumene filament, a 
Li* source. This curve is typical of a complete run starting with a new fila- 
ment at room temperature. A period of approximately 25 minutes was re- 
quired to reach a stable condition of temperature and surface in equilibrium 
with hydrogen. The factors concerned during this initial period are not too 
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well known. After this initial period the clean up of hydrogen is independent 
of the lithium ions entering the gas phase, and depends on the rate of elec- 
trolysis of lithium away from the surface toward the core. A similar reaction 
resulting in the formation of water vapor accounts for these results. Taylor* 
has advanced this explanation in connection with experiments on the clean 
up of hydrogen at glass surfaces under the influence of an electric discharge. 
Some study was made of the condensible products of the reaction. Of the 
hydrogen cleaned up about one half disappeared completely, the other half 
behaved like water vapor in that it was condensed at— 65° to —75°C at these 
pressures.° The part that disappeared completely could be accounted for by 
its adsorption as water vapor on the walls of the glass vessel. No effort was 
made to recover this by a heating of the glass bulb. 

In none of our experiments was there an indication of a gas phase reaction 
between the alkali ions and hydrogen. By varying the electrolysis potential 
through the hot glass, rates were obtained comparable to those of Leipunsky 
and Schechter or Mitchell, calculated on the basis of hydrogen disappearing 
per alkali ion. The proportionality between positive ion currents and clean 
up observed by Mitchell was probably due to the fact that every alkali ion 
leaving the surface was replaced by hydrogen. Preliminary results on the 
iron-aluminum-potassium oxide catalysts indicate a decrease in hydrogen 
pressure, depending on the extent to which the catalyst oxide mixture was 
reduced, and on complete reduction there was no further clean up. It there- 
fore appears that a calculation of the hydrogen disappearance on the basis 
of positive ions entering the gas phase is not tenable, but that a surface re- 
action, very likely the formation of water, was the controlling factor in these 
experiments. 


4 J. Taylor, Proc. Roy. Soc. A123, 252 (1929). 
5 N. R. Campbell, Proc. Phys. Soc. London 33, 287 (1921) 
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PHYSICAL REVIEW 


Effects of Temperature and Nitrogen Pressure on the 
Afterglow of Mercury Resonance Radiation 


By E. W. Samson 


Palmer Physical Laboratory, Princeton University 


(Received April 26, 1932) 


Measurements have been made of the rate of decay of the \2537 afterglow from an 
optically excited quartz cell containing 0.00236 mm of mercury vapor, and pressures 
of nitrogen ranging from 0.5 mm to 100 mm, at temperatures of 301°, 374°, and 
486°K. The work was done with a rotating disk phosphoroscope so designed that two 
traces representing the decay of the afterglow were recorded on a photographic plate. 
Very pure nitrogen was necessary in order to obtain consistent results. The exponen- 
tial decay constants ranged from 300 to 12,900 sec.~!. A striking result was a very 
rapid increase of the decay coefficient with rise of temperature at high pressures. 
The rate of decay depends on the rates at which collisions with nitrogen molecules 
cause transitions of the mercury atom back and forth between the 2*P, and 2*P,; states 
and possibly from either of these states to the normal state, on the rate of diffusion of 
metastable 2°P,) atoms to the walls of the vessel where they are reduced, and on the 
imprisonment of \2537 radiation by successive absorptions and re-emissions of quanta 
before they escape from the cell. This latter factor depends on the frequency shape of 
the radiation emission and absorption coefficients and the geometry of the cell. It 
introduces such great mathematical difficulties into the theory that a rigorous solution 
for the decay constant in terms of conditions and atomic properties is not attempted 
here, but an approximate solution is given which, it is believed, considers all the 
important processes, is in excellent accord with the experimental results, and renders 
possible their interpretation in terms of effective cross-sections. From this theory and 
data the effective temperature cross-sections of excited mercury atoms for collisions with 
nitrogen molecules which give rise to energy transitions in the mercury atom were 
found to be, in the sense in which they are defined in this paper, independent of 
temperature in the range from 300°K to 500°K, and their mean values are: 
for 

3Py — *P, oy? = 6.7 X 107 cm? 
3P, — *Po ? = 3.1 X 107" cm? 
7P,-'So = =—-S? S 2.2 XK 10-8 cm’? 


3Py9>—'Sy =o? S 2.0 X 10-2 cm? roughly. 


q 
be 
| 


IIA 


The diffusion cross section for metastable atoms increases very slowly with tem- 
perature. The values found are 15.5 X10~-", 17.7 10~"*, and 18.4 10~'* cm? respec- 
tively at 301°, 374° and 486°K. 


I. INTRODUCTION 


E 


1 Wood, Phil. Mag. 50, 774 (1925); Phil. Mag. 4, 446 (1927). 
2 Stuart, Zeits. f. Physik. 32, 262 (1925). 
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XPERIMENTS of R. W. Wood! on the fluorescence and absorption in 
a mercury resonance lamp excited by a mercury arc with and without 
other gases in the lamp showed distinctly that *P) metastable mercury atoms 
were produced in large numbers when nitrogen was introduced at a few 
millimeters pressure. Stuart’s* measurements of the quenching of fluorescence 
resonance radiation by foreign gases, including nitrogen, indicated that the 
number of *P, atoms was reduced by collisions of the second kind with the 
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foreign gas molecules. Asada, Ladenburg and Tietze,* and Asada‘ showed by 
a fluorescence and phosphoroscopic method that *P») metastable atoms remain 
in the resonance lamp when nitrogen is present for almost one hundredth of a 
second. Zemansky,* in mercury vapor alone, by a phosphoroscopic method, 
measured the rate at which the re-emission of 42537 died down after the 
exciting light was cut off, found that its decay rate was exponential, and too 
slow to be accounted for by imprisonment of the radiation by absorptions 
and re-emissions. He measured the decay constant as a function of mercury 
vapor pressure. He later® explained the curves by assuming that the long 
lifed *P) metastable atoms are raised to the *P, state on collision with other 
atoms, and that excited atoms diffuse to the walls, and are there reduced. 
Experiments on the lifetimes of rare gas atoms by Dorgelo and Washington,’ 
Meissner and Graffunder,*® Eckstein,’ and Ebbinghaus," also show that diffu- 
sion to the walls and collisions with other atoms serve to reduce metastable 
atoms. 

Dorgelo" observed that rise of temperature decreased the lifetimes of 
metastable neon and mercury atoms, and explained the effect qualitatively 
as due to collisions. Cario and Franck” measured the quenching of mercury 
resonance radiation by nitrogen, by hydrogen, and by mixtures of the two 
at 750°C and at ordinary temperatures. It was found that nitrogen did not 
quench the radiation, that hydrogen did, and that adding nitrogen to hydro- 
gen increased the quenching at the high temperature, while at low tempera- 
ture both nitrogen and hydrogen quench and their effects are additive. These 
phenomena they explained very beautifully in a qualitative way on the basis 
of diffusion of metastable atoms to the walls, interchange between *P») and 
’P, states of mercury by collisions with nitrogen, and reduction of *Po or *P; 
atoms to the normal state by collisions with hydrogen, and rapid increase of 
the number of *P»—*P, transitions on collision with nitrogen because many 
more collisions would have the required 0.218 electron-volts of relative kinetic 
energy at high temperatures. 

An interesting early paper by Foote™ which attempted to interpret 
Stuart’s quenching curves, gave a clear exposition of the processes involved 
in such experiments, and included absorption and re-emission of the radia- 
tion, but omitted reduction of excited atoms at the walls, which is important. 

The present research was undertaken with the object of determining how 
the collision processes for excited mercury atoms with nitrogen molecules are 


5 Asada, Ladenburg and Tietze, Phys. Zeits. 29, 549 (1928). 
4 Asada, Phys. Zeits. 29, 708 (1928). 

5 Zemansky, Phys. Rev. 29, 513 (1927). 

6 Zemansky, Phys. Rev. 34, 213 (1929). 

7 Dorgelo and Washington, Kon. Ak. v. Wet. Amst. 35, 1009 (1926). 
8 Meissner and Graffunder, Ann. d. Physik 84, 1009 (1927). 
® Eckstein, Ann. d. Physik 87, 1003 (1928). 

10 Ebbinghaus, Ann. d. Physik 7, 267 (1930). 

1 Dorgelo, Physica 5, 429 (1925). 

2 Cario and Franck, Zeits. f. Physik 37, 619 (1926). 
18 Foote, Phys. Rev. 30, 288 (1927). 
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affected by temperature. The method chosen was phosphoroscopic observa- 
tion of the rate of decay of the 42537 afterglow due to *P; atoms produced by 
collisions, after the cutting off of optical excitation, over a range of tempera- 
tures and nitrogen pressures. 

To account for the results and interpret them quantitatively it was found 
necessary to evolve a more comprehensive theory than any hitherto given, 
of the processes influencing the rate of decay. Since the theory is complicated 
it is perhaps best to describe the experiments, show that the results fit the 
derived formula over a large range of measurements, and evaluate the em- 
pirical constants, before proceeding to discuss the theory and the interpreta- 
tion of the constants in terms of atomic properties. 




















A 
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Fig. 1. The measuring apparatus. Insets: Y—quadrant of disk E; Y—quadrant of disk D; 
Z—details of mercury arc A. 
























































Il. THE EXPERIMENTAL APPARATUS AND METHODS 

The aim of the experiment was to measure the rate of decay of the \2537 

afterglow emitted from a quartz cell containing a small amount of mercury 

vapor, and several millimeters of nitrogen, after it had been excited optically 

for a while and the exciting light shut off. The apparatus of Fig. 1 was em- 

ployed. It is essentially similar to that used by Zemansky,° and other workers 
at Columbia University. 

The source of exciting light was the mercury arc at A, (shown in detail, 

at Z), the base of which was water cooled. The arc, once started, ran between 

the top and bottom electrodes at about 7 amperes, 40 volts. It was not mag- 
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netically deflected. The light was focussed by the lens LZ on the slit at S, 
which was about 2 mm wide and 3 cm long. It was then interrupted periodi- 
cally by the rotating toothed wheel D, which is shown more clearly in the inset 
at Y. It then passed through the quartz window Q of the asbestos board fur- 
nace F, into the quartz cell C containing mercury vapor and nitrogen, where 
it periodically excited the mercury vapor. 

Light passing through the cell or emitted by it passed out at the other 
window Q, through the quartz cell B which contained bromine vapor for the 
purpose of filtering out light due to the phosphorescence of the quartz cell C, 
then through the lens K which served to collimate it, and then through small 
holes in the rotating disk E, shown more clearly in the inset at X, onto the 
photographic plate at P, where it recorded a pair of traces such as shown in 
Fig. 2, due, during the period of the afterglow to A2537 light only. 


= 
pa @ 


Fig. 2. Photographic traces representing the decay of 42537. 


The rotating disks were of 15 cm radius. The interrupting disk had twenty 
teeth 10 degrees wide, with spaces 8 degrees. The second disk had twenty 
1 mm holes 18 degrees apart at 13.15 cm from the center, and twenty at 
12.85 cm from the center on the same radii. The disks were set relatively to 
each other so that the part of the traces representing the afterglow light fell 
on the axial line of the cell. The cycle of excitation and afterglow was repeated 
twenty times per revolution of the disks. The decrease of density of the photo- 
graphic trace with the angle thus represented the decrease of intensity of the 
afterglow with time, when the speed of the disks was known. The speed was 
measured with a tachometer. 

Over each of the outer set of holes was cemented a piece of cellophane 
which transmitted 65.2 percent of 42537 light, as determined by measurement 
with a photocell spectrometer apparatus. Thus the density of one trace at 
a given angle represented 65.2 percent of the intensity of the other trace at the 
same angle. A small correction was made to this for the smaller exposure time 
of the outer trace due to the slightly greater radius. The reciprocity law is ac- 
curate enough for such a correction. The densities of the two traces were meas- 
ured and plotted as a function of angle (or time), asin Fig. 3. Since the decay 
of the afterglow is very nearly exponential the horizontal distance between 
the two traces should be constant and give the time of decay to 65.2 percent 
of the intensity, thus determining the decay constant 8 where 


[ = Toe ** 


represents the decrease of intensity with time. This distance was not ac- 
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curately constant, but was greater at the beginning than at the end. This 
however, is attributed to geometrical imperfections in the arrangement of the 
apparatus and the value at the center should be correct. The average distance 
was actually used to determine 8 and is believed to be correct within about 
3 percent. 


The use of cellophane to give a diminished intensity trace for calibration 
of the plates eliminated the intermittency errors which would occur if some 
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Fig. 3. The curves of density against angle for the photograph of Fig. 2. 
(Time is proportional to angle.) 





of the holes were plugged according to Zemansky’s procedure. The two traces 
are strictly comparable. It is perhaps worth while to mention that when cello- 
phane is used for such purposes it must be pre-exposed to the light of the arc 
as its transmission increases several percent during the first few hours ex- 
posure, for 42537 light, then becomes constant, at least over reasonable 
periods of time. (A sample of German cellophane was found to fluoresce.) 
The bromine filter in the path of the emergent light was found to be nec- 
essary to remove light due to phosphorescence of the quartz of which the 
experimental cell was made. This phosphorescence was very intense and had 


' Webb and Miss Messenger, Phys. Rev. 34, 1463 (1929). 
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a decay period right in the region of measurement, having a constant of 
roughly 3000 to 4000 sec!. Its wave-length, however, is in the blue and near 
ultraviolet and it was almost completely distinguished by the bromine filter 
which was made of quartz chosen specially because it had very little fluores- 
cence. Tests with a spectrograph showed the filter to be entirely adequate 
and also showed that no light other than 42537 was present in the afterglow 
after passing through the filter, so that it was legitimate to dispense with the 
spectrograph in making the measurements. 

The furnace was heated by coils // of nichrome wire evenly distributed on 
its inside surface, leaving sufficient space for good circulation of air about the 
cell, and the temperature was measured by means of a thermocouple 7, 
placed at the edge of the cell. 

The pressure of mercury vapor inside the cell was determined by the drop 
of mercury in the appendix J which remained at room temperature, about 
28 degrees, all the time. 

Extreme purity of the gas was found to be an essential factor in obtaining 
consistent measurements. When impurities were present the rate of decay be- 
came very high and the intensity of the afterglow very low. This led to diffi- 
culties in the early stages of the work until their cause was ascertained and a 
good method of purification was adopted. 

The nitrogen was prepared by the action of bromine on ammonia. Water 
vapor and excess ammonia were removed by allowing it to stand over phos- 
phorus pentoxide for a considerable time. It was then admitted at a pressure 
of about 180 mm to a system in which it was kept in continual circulation 
through a mixture of copper and copper oxide at about 350°C, a trap contain- 
ing glass beads at liquid air temperature, and a bulb containing phosphorus 
pentoxide. The gas was circulated by convection, one arm of the system being 
heated to about 200°C, and the process was continued for several days before 
the gas was used. The purification system was connected with the experi- 
mental system through a Toeppler pump equipped with a mercury seal which 
could be opened at will with an electromagnet. The direction of pumping was 
towards the purification side. When an experiment was to be performed the 
gas was allowed to flow very slowly through the ground surfaces of the un- 
sealed Toeppler valve into the experimental system, and it passed through 
another trap with glass beads at liquid air temperature before reaching the 
cell C. The rate of flow was such that it took about twenty minutes to get 
10 mm pressure in the cell. When all these precautions were taken it was 
found that consistent measurements could be obtained. The variations due to 
impurities were found to be much greater at high nitrogen pressures. 

Before making measurements the quartz cell was thoroughly baked out so 
that there was no danger of gas coming off the walls of the cell. The cell was 
baked for an hour and a half at 450°C, and then for about the same time at 
550°C, then for about 20 hours at 475°C, with the pumps on all the time. 
Then with the pumps shut off for 2} hours at the same temperature the pres- 
sure rose only to about 1 or 210-5 mm. Since the highest temperature used 
in the experiments was 215°C, and even before careful baking a test had 
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shown that raising the cell to 300°C for an hour and a half between two meas- 
urements of the rate of decay at room temperature made a difference of less 
than 10 percent in the measurements, it was considered that this was suffi- 
cient care to ensure that no impurities arose from the cell walls during the 
experiment. 


Ill. MEASUREMENTS AND EXPERIMENTAL FORMULAS 


Measurements of the rate of decay were made as described and the ex- 
ponential constants 8 were calculated, over a range of nitrogen pressures 
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Fig. 4. Curves showing the exponential decay constant 8, of the \2537 afterglow against the 
pressure of the nitrogen at three temperatures. 


roughly from 0.5 mm to 100 mm, with mercury vapor at 0.00236 mm at the 
three temperatures 301°K, 374°K, and 486°K. The decay constants ranged 
from 300 to 12,900, the speed of the disks from 190 to 3660 r.p.m. The times 
of exposure required ranged from 2 minutes to two or three hours. It was not 
considered worth while to attempt to make measurements at higher tempera- 
tures because the decay constants became too large for the available speed 
of the disks at high pressures, and a short curve is insufficient for the evalua- 
tion of the constants in the formula. 
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At each temperature the procedure employed was to introduce gas very 
slowly into the cell until the highest pressure was reached, to make a photo- 
graph suitable for measurement, then to reduce the gas pressure to the next 
convenient point and make another, and proceed in this way until the pres- 
sure was the lowest convenient for making good photographs. Thus a whole 
set of measurements was made with the same gas, the pressure being highest 
for the first measurements. This procedure was adopted because it was con- 
venient experimentally, any impurities introduced during the experiments 
would tend to be partially pumped out between successive pictures, and 
minor variations in the purity of the gas would not occur from one experi- 
ment to the next so that the curve of decay constant against pressure would 
be somewhat smoother and easier to fit with the formula. 

Altogether about 110 photographs were taken and a great many of them 
measured in overcoming experimental difficulties before any of the final 
measurements reported in this paper were made. 

The theoretical formula reduced to the form used for fitting the curves of 
decay constant against nitrogen pressure is 

a. p? 
pak Toe a) 
p p+Z 
where / is the nitrogen pressure in mm, X, Y, Z, and W are constants to be 
determined from the curve at each temperature, and 8 is the decay constant. 
The results are tabulated in Table I and the curves are shown in Fig. 4. The 
curves are plotted from the formula and the experimental points put in. 

















TABLE I, 
p (mm) 8 obs. 8 calc. % Diff. 
0.61 957 905 +5.4 T =301°K 
1.18 516 520 —0.8 X =526 
2.25 359 355 +1.0 Y =365 
4.4 306 306 0.0 Z24.7 
1.8 301 319 —5.5 W=4.9 
18.6 394 393 +0.2 E3=2.6% 
43.3 540 535 +0.9 
101.5 832 833 —0.1 
0.57 1307 1250 +4.6 T =374°K 
1.02 818 847 —3.4 X =637 Ex =4% 
1.95 663 710 —6.6 Y =1685 Ey =9% 
a.a8 846 795 +6.4 Z=6.80 Ez=15% 
6.8 1023 997 +2.6 W=18.0 Ew =12% 
15.6 1367 1409 —3.0 E3=3.80% 
36.6 1977 1993 —0.8 
99.2 3274 3252 +0.7 
0.87 1787 1774 +0.7 T=486°K 
1.57 1711 1801 —5.0 X =909 Ex =7% 
3.07 2480 2380 +4.2 Y =7150 Ey =6% 
5.65 3160 3333 —5.2 Z=71.75 Ez=10% 
10.0 4657 4488 +3.8 W=65.5 Ew =9% 
18.2 5935 5897 +0.6 E3=2.9% 
5a.2 7382 7488 —1.4 
57.3 9467 9618 —1.6 
99.7 12,700 6 


12,900 


| + 
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Several points of interest are to be noted about the shape of the curves, 
regarded independently of the formula. First, the rise towards a vertical 
asymptote at zero pressure, very marked in the two lower curves and not 
quite reached in the upper curve, is due to the rapid increase of diffusion of 
excited atoms to the walls as the pressure decreases, and indicates quite 
clearly that they are there removed permanently from the excited states. 
Second, the minimum of each curve and then the rise with increasing pres- 
sure, shows that the diffusion decreases in importance and collision processes 
become the dominating influence by either removing the excited atoms to 
some permanent state or toa state where they can radiate their energy. Third, 
the fact that the curves are decidedly concave downward at medium pres- 
sures and appear to be approaching an asymptote with an upward slope is an 
important point. If there were only interchange between the 2*P») and the 
2°P, states to consider besides radiation, the result at high pressure would be 
a constant ratio of the numbers of atoms in the two states due to the rapidity 
of the interchange, and consequently a constant decay coefficient, and the 
curves would be concave downward as they rose with pressure towards this 
constant value. The final upward asymptote must be attributed to some 
process of collision which hastens the decay rate with rise of pressure for all 
pressures, and hence must be of the nature of removal to the normal state on 
collision, or else some more abstruse effect. It will be seen in the theory that 
it may be due partly to collision broadening of the 42537 line. Finally the 
great increase of 6 with temperature at high pressures is very striking. It 
indicates a rapid increase with pressure of some collision process. Since the 
metastable 2*P») atoms are the only ones which have a long natural lifetime 
they control the slowness of the decay in order of magnitude at least and so 
it seems a priori that the process which increases so very rapidly with tem- 
perature must be removal of metastable atoms by collision. This is borne out 
by the theory. The curves themselves thus give a preliminary indication of 
the nature of the processes which must be considered in the theory. 

In finding the best formulas to fit the curves a method of successive ap- 
proximation was used for that at room temperature, but for the other two 
the least squares method was used because it was little if any more difficult 
and gave some information about probable errors, and the manner in which 
they increased with subsequent calculations based on the constants of the 
formulas. The probable errors of 8, X, Y, Z, and W are represented in Table 
I by Es, Ex, Ey, Ez, and Ew as they were found in the calculations. They 
thus represent only the magnitudes of random errors and deviations from the 
formula. For room temperature, since £3; is smallest, it was assumed that 
the magnitudes of the probable errors of the constants are about the same 
as for the highest temperatures. 


IV. EQUATIONS FOR SOLUTION OF THE PROBLEM 
The Problem. 


A cylindrical cell containing a small amount of mercury vapor, and a rela- 
tively very great amount of nitrogen, is excited by light from a mercury are 
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for a time, and then the exciting light is stopped. We wish to express in terms 
of atomic properties the manner in which the intensity of the light thereafter 
radiated from the cell will decrease with time. 

We shall throughout this paper use the terms , 0, and 1 to denote the 
normal, 2°P») (metastable) and 2°P,; states of the mercury atom, and these 
terms shall be used as subscripts to denote quantities pertaining to the corres- 
ponding states. 

During excitation a concentration of metastable 0-atoms is built up by 
absorption of \2537 and subsequent collisions of the 1-atoms with nitrogen 
molecules which reduce them to the 0-state. 2*P, atoms may be produced 
during excitation by stepwise excitation, but are very rapidly removed as a 
result of the close resonance with a vibration level of nitrogen at 0.571 elec- 
tron-volts, being reduced to *P;, so that no appreciable concentration is 
present at any time. Their production during the decay will be very im- 
probable because relatively few collisions have the required kinetic energy. 
We shall therefore neglect them. 








qt \.210v 
2°R 




















1S, 
Fig. 5. Important transition processes for the mercury atom. C—produced by collisions; R 
emission of \2537; A—absorption of \2537; D—diffusion to the walls; V—electron volts. 





Fig. 5 indicates the types of transition which may occur by collisions with 
nitrogen, to radiation or absorption of 42537, and to diffusion of excited 
atoms, during the afterglow period. There is interchange between the 0 and 
1 states on collision, and there may be reduction of either 0- or 1-atoms to the 
normal state on collision. 1-atoms are reduced to the normal state by radia- 
tion of \2537. Excited atoms lose their energy if they strike the walls of the 
cell and hence diffusion must be considered. This involves the geometry of the 
cell. 

A quantum of light of \2537 may be absorbed and re-emitted several times 
before it finally escapes from the cell. The frequency distribution of the ab- 
sorption line of the vapor, and the frequency distribution of the radiation 
density determine the number of quanta of radiation absorbed by any given 
element of volume. Thus consideration must be given to the diffusion of the 
radiation in the cell. This also involves the geometry of the cell. 

All the important processes have now been enumerated, and we must pro- 
ceed to express them mathematically. 


6 Pool, Phys. Rev. 38, 955 (1931). 
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The following notation will be used: 


No, Ny, #=numbers of atoms per cc at a point in the states 0, 1, and » 
respectively. 
N=number of nitrogen atoms per cc. 
p=pressure of nitrogen in mm of mercury. 
D = diffusion coefficient for 0-atoms or 1-atoms. 
ko, Ko, ki, K1=numbers of effective collisions per second per mercury atom 
at 1 mm nitrogen pressure giving rise respectively to the 
transitions 0-1, 0-n, 1-0, and 1—n. 
p(v)dvy =radiation density between the frequency v and »y+dy within 
the A2537 line. 
b(v) p(v) dvdt=probability that an n-atom will absorb a quantum in the 
range between v and y+drp in the time dt. This defines the co- 
efficient d(v). 

A, B, B,, =the Einstein coefficients for emission, absorption, and stimu- 
lated emission, respectively, of quanta of \2537 radiation by 
mercury atoms. 

Zo, £1, Zn =Statistical weights of 0-, 1-, u-states, respectively. 
/=length of the cell. /=1.65 cm. 
c=radius of the cell. c= 2.16 cm. 


We may immediately set up the equation for the rate of change of 0- 
atoms at a point. It is the number coming in by diffusion plus the number 
formed by collisions minus the number removed by collisions. Thus 


Ono /dt = pkiny 7 p(ko + Ko) no ot DVY?7no (2) 


In finding 0n,/0¢ radiation enters. Stimulated emission of radiation is 
negligible because of the Einstein relation Bg, = B,,g; and the fact that m<un, 
whence 7,B,,p(v)<nBp(v), or the number of stimulated emissions is much 
smaller than the number of absorptions, whence radiation in the afterglow 
capable of being absorbed must be almost entirely due to spontaneous emis- 
sion. Further, we may put the diffusion coefficient the same for 1- as for 0- 
atoms because the states are so close that there is no reason to expect any 
difference of behaviour for a process such as diffusion, which involves no 
internal effects on the atoms. 


Thus we may write finally 
On,/Ot = pkong +n b(v)p(v)dy — (A + pki + pKi) + DV?n. (3) 
J 90 


We must solve Eqs. (2) and (3) in accordance with the boundary condi- 
tions 
Nn; = No = O at walls. (4) 


So far our procedure has been rigorous, but the radiation integral in the 
above equation makes the problem exceedingly complicated. b(v) depends on 
the five components of the line, Doppler and pressure broadening. p(v) de- 
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pends on d(v) and also on the position of the point and the distribution of 
1-atoms in the cell. It becomes necessary to make an approximation in deal- 
ing with the radiation terms, which gives finally a reasonably satisfactory 
solution. 

V. THE SOLUTION 


First, we shall assume that p(v) is chiefly due to the radiating atoms in its 
immediate neighbourhood, so that it is proportional to , at the same point. 
Then the absorption term may be represented by Lm, where L is an unknown 
coefficient which does not depend on the position of the point. Now if we put 
A—L=P we have P representing a resultant radiation coefficient for the cell 
and each element of volume in it, and we may rewrite Eq. (3) thus, 


On,/dt = pkono — mi(pki + pKi + P) + DVY*m. (5) 


We must now solve Eqs. (2) and (5) with the boundary conditions (4). 
Now it is easily proved by substitution that if P(x,y,2,¢) is a solution of 


dy /at = DTW (6) 
and fo(t) and f,(t) are solutions of 
dfo ‘dt = phihi = p(Ro + Ko) fo (7) 
df ‘dt => Pkofo — Ailphi = pry a P) (8) 
then 
ny = fi(dy(x,y,2,0) (9) 
No = fo(OW(x,9,2,0) (10) 


are solutions of the complete Eqs. (2) and (5). Only the function y is affected 
by the geometrical boundary conditions (4). 

Hence we may solve Eqs. (7) and (8) first. Eliminating dfy/dt and fy by 
differentiation and solving the resulting equation gives 


fi =Fexp [—3{U+ (U2? —4V)"?} 1] +Gexp [— 3 {U — (U2? -4V)" 244] (1) 


where 


~~ 
‘ 
II 


(pki + pKi + pko + pKo + P) (12) 
and 


Vy 


[(pko + pKo)(pki + pKi + P) — pkoki |. (12a) 


From the experiments of R. W. Wood! on absorption by 1- and 0-atoms 
during the steady state with illumination by \2537 in the presence of nitrogen 
it is apparent that 7,<npo. But in that case Eq. (2) holds with 09/dt=0, and 
diffusion tends to remove metastable atoms to the walls, so that 


ko t+ Kyo Xhky (13) 


Using this relation to simplify Eq. (11) we may show first that V<l* 
whence f; reduces first to Ge~’’Y and then using Eq. (13) again, finally 


fi = Geo (14) 
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where 
p(ko + Ko)P + p(Koks +:Koki + koK1) 
7 pki +t KY) +P. 


a 


Similarly 
fo = G'e™, (16) 





Now the solution of Eq. (6) in accordance with the boundary conditions, 
in cylindrical coordinates, assuming any symmetrical distribution as initial 
condition, gives for solution a series of terms of which only the first is of im- 
portance because the rest decay very rapidly, whence 





Y = GJ o(uyr/c) cos (rx/l)e77 (17) 


1 5-81 
y = (= +- ~)p. (18) 
9 ¢2 


Finally by Eqs. (14), (16), (17), (9), and (10) we see that 


where 


ny = Cyto = Co(r, x)e~@t?, (19) 


Since the radiated intensity is proportional to 7, our experimental decay 
coefficient is the above exponential coefficient a+y, whence 


B=at+y. (20) 


It is convenient at this point to introduce a small correction to the 
resultant radiation coefficient P, which is a function of the line shape. Now the 
line shape is affected chiefly by Doppler effect which is a function only of 
temperature, but it is also affected by Lorentz collision broadening, which is 
a function of pressure. It is desirable to reserve the term P for the result of 
Doppler effect and express the increase of the resultant radiation coefficient 
which is due to pressure broadening of the line by an added term ap, which 
would naturally be chosen as a first order approximation. An examination of 
Zemansky’s data on the pressure broadening effect for \2537 with nitrogen 
in the same pressure range provides a rough confirmation of the view that the 
term ap is adequate for the purposes of this paper, that is, that it is accurate 
within the limits of error of the experiment. Hence we shall replace P by 
P+ap. 

Then expanding our value for 8, using Eqs. (15) and (18) 

(= ==) p(ko + Ko)P + p*[Koki + (ko + Ko)(Ki + a)] 
+ 5 ——— —  — —— —-. 1) 
I? ¢ p(kit+ Kita)+P , 

Since D~1/N~1/p (See Eq. (31) ) we may rewrite Eq. (21) in a form 
suitable for application to experimental results thus: 
iam i tae! (22) 


p | pt+Z 
16 Zemansky, Phys. Rev. 36, 219 (1930). 
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where X, Y, Z, and W are constants at a given temperature. Their values 

are clear by comparison with Eq. (21). The experimental results were found 

to agree with this formula (Section II1) over a wide range of measurements. 
VI. REQUIREMENTs FOR INTERPRETATION OF DATA 


The first step in the interpretation is to note that by comparison of Eqs. 
(21) and (22) 








ko+ Ko =YV/Z (23) 
k+Kita=P/Z (24) 
K,; - a ky Ko WZ > 
—————— mere merece SB mom (25) 
ki+Kit+a ki + Kita ko t+ Ko } 
X 
D = ——__—__—_—.. (26) 


Now Y, Z and W are known from the experimental data and are given 
in Table I. The value of P must be determined at each temperature by a 
calculation of the effect of diffusion of radiation. This calculation is a prob- 
lem in itself, and the method used may have some interest apart from its 
application in this paper. Since it would appear in the nature of a digression 
here, it is carried out in Appendix B, at the end of the paper. 

In order to evaluate the ‘effective temperature cross sections for the var- 
ious processes,’ we also require the following formulas expressing ko, Ko, ki, 
and K, in terms of the corresponding ‘cross sections’ @9”, Yo", o;°, and =,’, for 
the processes involving energy transitions, and for D in terms of o/ the 
diffusion cross section. 4 =reduced mass for mercury and nitrogen, 7°=tem- 
perature, k= Boltzmann's constant. 


2Noo? / 2ekT\" P . 
esi ( : ) 1+- -)e a (27) 
p M k7 
2No;* f/2rkT\'? 
by eb cemeon (: ) (28) 
p Me 
2NZo* f/2rkT\!/? 
Ko aS See (: —) (29) 
p Me 
; 2NZD 17 f/2rkT\!!? 
Pe pee (- ~) (30) 
p Me 
1 /8kT\"" 
BD eb sneer (- ) , (31)! 
S3moa"N\ my 


The factor (1+¢€/k7)e~**? in Eq. (27) represents the fraction of all collisions 
within a distance o¢», which possesses relative kinetic energy =e, or sufficient 
to produce the upward transition 0—1 in the mercury atom. 

Since a discussion at this point of the definitions and nature of ‘effective 
velocity and temperature cross sections for various processes’ and derivation 


17 Tolman, Statistical Mechanics, p. 228, Eq. (525) and p. 63, Eq. (95). 
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of formulas would again be a digression, it has been placed in Appendix A 
at the end of the paper. 
VII. Resu_ts INDEPENDENT OF P 


Since the calculation of P involves a further approximation, we shall 
first discuss those results which are independent of it. 





The diffusion cross sections are calculated from the experimental values 
of X in Table I, by means of Eqs. (26) and (31), giving the results'* in Table 
II, under o,°. They show a slow increase with temperature. Since the ex- 














TABLe II. 
T°k ofc WZ Y e& */A+e kT) ko oy cm 
301 15.5 x10" 0.0636 477 77.05 7.211078 
374 17.7X10°% 0724 111.6 247 .8 5.99 10715 
486 18.410" .0710 29.41 922.5 6.711075 
Mean Values 0.0690 6.66 X 10738 








pected deviations would be about 6 percent this rise is probably a real one, 
but is slower than the square root of the absolute temperature. The sum o of 
the gas-kinetic radii of the nitrogen molecule and the mercury atom results 
in a value o?=11.2X10-" whence it appears that the cross section for 
metastable mercury atoms is somewhat larger than for normal atoms, as 
would be expected for excited atoms. This fact indicates that the assumption 
that all metastable atoms lose their energy at the walls is justified by the 
experiment. A few percent might be reflected unchanged without greatly 
affecting the results, but most of them are certainly reduced at the walls. 

In order to find ky and oo? we must first note that by comparison of Eq. 
(25) with the values of WZ/Y in Table II 


Ko K ko Ki t+taXhk (32) 




























at all three temperautres, and the maximum possible value of the ratios of 
Ky to kg and K, +a to k; is of the order of 7 percent which is within the range 
of possible errors of ko and k;. Actually it appears later that Ko is exceedingly 
small compared to ko. We may then evaluate ky from Eq. (23) neglecting 
Ko. The values are listed in Table IT. 

The rapid increase of ky) with temperature is very striking. It corresponds 
to a rapid rise with temperature of the number of 0—1 transitions produced 
by collisions, and accounts for the rapid divergence of the different (8, p) 
curves at high pressures as due to a rapid increase in the rate of removal of 
metastable atoms, in agreement with the interpretation placed on that di- 
vergence when the curves were examined. 

The effective cross sections a)? may now be found from Eq. (27). The 
values in Table II show that within our probable random errors, which are 


17@ Webb and Miss Messenger, since this paper was written, have published in a letter 
(Phys. Rev. 40, 466, 1932) the value og=3.7X107* cm, at room temperature, which compares 
well with our value 3.9=10-%. Their experimental method and that of the author are very 
similar. Both are based on that of Zemansky, referred to before. 
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about 15 percent, oo? does not vary with temperature in the range from 300° to 
500°K. It should be emphasized here that there is no a priori reason to expect 
go? to be constant. It is shown in the appendix that an effective temperature 
cross section of this nature, from the way it is defined, must be expected to 
be a function of temperature. Hence our result is not merely confirmation 
of an a priori expectation, and may not hold for temperatures very different 
from those of the measurement. 

The rapid increase of ko with temperature is due principally to the fac- 
tor (1+e€/kT)e-**' in Eq. (27) which represents the fraction of all collisions 
within the distance op that have sufficient relative kinetic energy (2e) to 
produce the upward transition 0—1 in the mercury atom. This illustrates 
quantitatively the explanation advanced by Cario and Franck” for the fact 
that nitrogen does not quench resonance radiation at 750°C, as mentioned 
in our introduction. 

The fact that o>? is constant implies that the corresponding velocity cross 
section, Qo?, must be nearly constant over the important range of velocities 
just above the critical relative velocity V. corresponding to the relative 
kinetic energy ¢€. Since the important range of velocities is that just above 
the critical velocity (&>kT), the value of Qo? must rise abruptly, within a few 
hundredths of an electron volt, from zero at the critical velocity, to its nearly 
constant value above it, or ¢ 9? would not appear to be independent of tem- 
perature. Thus Q,? must be nearly equal to o¢° in this range. 

It is well to point out here that although we have referred to the nitrogen 
molecule as though it were a definite molecule in a definite state, the normal 
state, this is not strictly true. Actually there is a distribution of molecules 
among the rotational states of the lowest electronic and vibration state, due 
to the temperature, and principally determined by the Boltzmann factor. 
Since they must all be very close to the lowest state at the temperatures of 
our experiments, however, and it is quite impossible to differentiate between 
them, we have simply neglected the effect throughout. 


VIII. REsutts DEPENDING PARTIALLY ON P 


Before we can evaluate k; and o,” we must know the values of P at the 
three temperatures. These values are calculated in Appendix B, to which the 
reader is referred, by a method involving an approximation which is conse- 
quently involved in the following calculations. The values of k; are obtained 
from Eq. (24) neglecting (Ki+a) on account of Eq. (32), using values of Z 
from Table I. ¢,? is then found by Eq. (28). The values of P, k; and o/? are 
listed in Table III. 








TABLE ITI. 
T™K - ky o;* cm? 
301 0.761 X 10° 1.62105 3.1510-" 
374 0.882 « 10° 1.30 « 105 2.82 xK10-"" 


486 1.058 x 108 1.36 10° 3.37 X10" 


Mean o;?=3.11 107°" 
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Now @/ may also have random errors of the order of 15 percent whence 
it is also apparently independent of temperature within the limits of error 
of the experiment in the range from 300° to 500°K. If we take this as correct 
it again implies that the velocity cross section, QO”, is nearly constant and 
equal to ¢,° over the important range of velocities. 

We have now found that both o,? and o;7 are independent of temperature, 
and it is reasonable to assume that Sy? and Y{° will be essentially independent 
of temperature also, in order to make inferences from Eqs. (25), (29) and 
(30). We may then substitute in Eq. (25) from Eqs. (29) and (30), again 
neglecting small quantities according to Eq. (32), and get 

a 3 Xe «RT 
de, PS eens « (33) 
ky o;" oo (1+ e€/kT) 

Now hk varies as 7", the variation of a with temperature is unknown but 
probably slow so that a k; varies slowly; =°/o;7 is constant, but the third 
term varies very rapidly due to the factor et*? (1+¢€ kT). (See Table IT.) 
Whence if Xo? has any appreciable magnitude, I’Z, Y should also vary rapidly 
with the temperatue. Table II shows that IVZ/ VY is unaffected by this factor, 
whence we conclude that Y,? is zero within the experimental accuracy. If we 
attribute the 0.01 increase of 1Z/ Y to this term we find S)?=2 X10" as a 
possible order of magnitude. Hence we may say roughly 


So S 2 X 10-** cm? 


and this means that few if any metastable 2*P») atoms are reduced to normal 
1So, or otherwise permanently removed by collisions with nitrogen. This 
result agrees with many others which indicate that processes which take 
place on collision have much smaller probability for larger required change 
of kinetic energy. 
We can now reduce Eq. (33) to 
a z;? WZ . 
jets Sentence (34) 
ky o;" Y 
It can be shown that a/k; may account for an appreciable proportion (35 
percent) of the magnitude of WZ/Y by a rough argument based on the data 
in Table IV Appendix B, and Zemansky’s pressure broadening data, but 
its magnitude is uncertain so that from the above equation and Table II 
we may only assign an upper limit for 2; 


Yi? S 2.15 & 10-8 cm?. 


It does seem probable however, that ~,° has a magnitude of this order, be- 
cause the value of WZ/Y is about three times the estimated collision broad- 
ening term in Eq. (34). In this case the question arises as to why ,? should 
be 10,000 times greater than 2,*. Several suggestions may be offered, but 
without undue emphasis because the subject is uncertain. There might be 


close resonance with the nitrogen molecules or with an impurity, so that the 
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energy of *P, could go mostly into excitation energy and require but a small 
change in kinetic energy, while the resonance with *Po is relatively poor. Or 
the difference might be due to an inherent difference between optically al- 
lowed and forbidden transitions. Or it might be that a collision is capable of 
stimulating radiation of the allowed line \2537. This last seems to be the 
most plausible way of accounting for the large ratio, particularly in view of 
the experiment of Cario and Franck” referred to before, for if =? has a value 
which does not signify production of radiation, there should be quenching at 
all temperatures. 


IX. SUMMARY AND REMARKS 


The values of the effective cross sections may now be gathered together. 
Those involving energy changes of the mercury atom on collision with ni- 
trogen have all been found to be, within the limits of random error, independ- 
ent of temperature in the range from 300° to 500°K. It was inferred that the 
corresponding velocity cross sections are nearly constant over the important 
range of velocities. The values of the temperature cross sections are: 


oo? = 6.66 X 10-8 cm?, =,*7 S 2.15 X 10-* cm’, 


3.11 XK 10-" cm’, Yo? S 2.00 X 10-* cm? roughly. 


= 
II 
IIA 


The first of these is the most reliable because it does not depend on the as- 
sumption used in evaluating P, the resultant radiation coefficient. 

The diffusion cross section, og’, was found to increase slightly with tem- 
perature. The values are 15.5 X10-", 17.7 X10-™, and 18.4 X10-“cm*, at the 
temperatures 301°, 374°, and 486°K, respectively. These values are also in- 
dependent of P. They are in good agreement with the assumption that 
metastable mercury atoms are reduced at the walls. 

The theory presented in this paper and the appendix concerning the 
value of P appears to be quite well justified by the nature and the coherence 
of the results. The same kind of argument may be followed in the problem 
of quenching of resonance radiation, and similar approximations may be 
employed. 

M. L. Pool" in a recent paper has described measurements of the rate of 
decay of metastable atoms of mercury in the presence of nitrogen, by a 
method which uses the absorption of \4047 (2°P»)—2°S,). He emphasizes the 
result that the decay is not strictly exponential but is faster at the beginning, 
and attributes the effect to the presence of excited metastable nitrogen atoms 
in the level of vibration quantum number 1 produced by previous collisions 
with mercury atoms in the *P,; state. His theory, however, neglects the im- 
portant influence of the reduction of *P,; atoms to the normal So or metastable 
’P) states and imprisonment of (2537 radiation, so that his numerical cal- 
culations of cross sections cannot be compared with those of the present 
paper. His measurements cover less than half the range of nitrogen pressures 
used in this paper, and the more rapid rise of his final exponential decay con- 
stant with pressure was the effect observed in the present investigation when 
traces of impurity were present. The effect of more rapid initial decay may 
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indeed be in part due to the excited nitrogen molecules, but it should be 
borne in mind that some of this effect is naturally to be expected anyway in 
the transition from the state of affairs during excitation to the different state 
of affairs which holds during the decay after sufficient time has elapsed. This 
transition period is represented in the theory by terms of higher decay rate 
which have been neglected as dropping out rapidly. To justify Pool’s inter- 
pretation would require a detailed examination of these terms which would 
be very difficult. The present experiments made no effort to detect this devi- 
ation from the exponential character, the value taken as the actual decay 
rate was the mean value at periods rather later than those used by Pool. 

Zemansky’s'* value of the quenching cross section, 1.92X10-“cem? for 
mercury resonance radiation in nitrogen, should agree with our value of 
o,° +2," = (3.1+0.2)10°' =3.3X10~-", if, as he assumes, the pressure in his 
experiments was so low that the number of 0—1 transitions was negligible. 
The difference in these two values is apparently due to the difference in his 
treatment of the diffusion of radiation. Two assumptions appear implicitly 
in his paper. The first is that a quantum of radiation, in being absorbed and 
re-emitted a number of times, retains the same frequency. That this is not 
true may be seen by considering the Doppler effect on a quantum absorbed 
and then reradiated at right angles, when the absorbed and emitted fre- 
quencies are totally independent. The second assumption is that the calcula- 
tions may be carried out for an element of the line and integrations with 
respect to frequency performed afterwards. It is impossible to estimate the 
error due to this procedure. However, the assumptions were made to deal 
with the same difficulties as those of our treatment of radiation. It does not 
seem possible to treat our problem by Zemansky’s method, but it is possible to 
recalculate his quenching cross-section by methods analogous to ours. Zeman- 
sky has kindly recalculated his result for nitrogen in this way and gets the 
value 2.7 X10~'’cm’*, in close agreement with our value of 3.3107’. Since 
the conditions of his experiment were considerably different, such an agree- 
ment seems to provide an excellent check on the accuracy of our treatment of 
problem of diffusion of radiation. 

The author wishes to express his sincere appreciation to Professor kK. T. 
Compton for suggesting the subject of this investigation, to Dr. M. W. 
Zemansky for advice during its early stages, to Professor L. A. Turner for 
a great deal of helpful advice and criticism during the later parts of the work 
and in the preparation of this paper, and to the Department of Physics at 
Princeton for continued support throughout a rather prolonged research. 


APPENDIX A 
Collision statistics 
The conception of a collision between molecules is indefinite because 
molecules do not have definite boundaries, but we may call a (V, q) collision 
one in which the relative velocity is V and the distance from the center of 
one molecule to the line of the relative velocity V through the center of the 


18 Zemansky, Phys. Rev. 36, 919 (1930). 
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other is g. For a (V, q) collision there is a probability ¢(V, qg) that a given 
process, say a transition of energy state, may take place, for a given pair of 
molecules. We know very little of the nature of the function ¢(V, q). For 
statistical purposes however, we may define an effective velocity cross section, 
Q?, for the given process by calculating the number of collisions within a dis- 
tance Q at the velocity V, denote it Z(V, Q?)dV and equate it to the actual 
number of effective collisions at this velocity, which may be found experi- 
mentally, thereby determining Q*. (The cross-section area is really 7Q?, but 
it is convenient to drop the 7 and refer simply to Q* as the cross section. This 
convention has been adopted with reference to all the cross sections in this 
paper.) Q* is clearly a function of velocity and of the process considered. 

Since actual experiments usually do not differentiate between velocities 
but are carried on at a known temperature, it is convenient to make a similar 
definition of an effective temperature cross-section for the given process. If 
Z(T, o°) represents the total number of collisions of all velocities within the 
distance o at temperature 7 then 


aT, ot) = f ZV, QV. (1) 


We find it convenient in this paper to modify the definition slightly for 
the case where an amount of relative kinetic energy € is required to produce 
the transition and equate the total number of effective collisions to the total 
number of collisions within a radius o which have sufficient relative kinetic 
energy to produce the transition. Thus 


ZiT, 60!) = [ ZV, Qav (2) 
V 


¢ 
where VV, is the critical velocity corresponding to the energy e. 

The o* is in each case a function of temperature on account of Q? being a 
function of velocity. It is also clear from this derivation that o? has no rela- 
tion to the gas-kinetic radii of the atomic bodies concerned, and may be 
quite different for different processes. If o? is known accurately as a function 
of temperature then Q® may be determined as a function of velocity through 
the above equations, but further information it is impossible to obtain from 
the results of statistical measurements alone. 

To ascertain how these effective temperature cross sections depend on 
temperature is one of the objects of the present work. The right hand mem- 
bers of the above equations have occurred in our theory in the form kup, the 
total number of effective collisions per cc per second. The left member is 
easily calculated on the basis of the Maxwellian distribution'® of velocities, 
and the resulting equations are Eqs. (27) to (30) of Section VI. 


APPENDIX B 
Diffusion of radiation and evaluation of P 


In Section V of this paper the effect of diffusion of radiation was treated 
by the introduction of a resultant radiation coefficient, P, which was as- 


19 Tolman, Statistical Mechanics, p. 69, Eqs. (121) and (122a). 
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sumed to be the same for every element of volume and for the cell as a whole. 
\Ve wish to evaluate this coefficient. In order to do so we note that it concerns 
only emission and absorption of radiation. If our cell had no other processes 
occurring than these the radiation emitted would decay according to the 
law J=J,e"?t and P would be the exponential decay coefficient for the cell. 
We shall then determine P theoretically by calculating what the decay 
coefficient would be if only emission and absorption of 42537 radiation oc- 
curred. 

Now this problem was solved by E. A. Milne®® for a simplified case, 
namely that of atomic absorption and emission coefficients which were con- 
stant over the breadth Av of the line, and an infinite plane slab of gas. His 
result is that the decay is dominated by the first term of a series of exponent- 
ials, and the decay coefficient of this term is (expressed in our notation), 

A 
P = ———__—_ (1) 
1 + («l/r)? 
where « is the absorption coefficient, / the thickness of the slab, and X is 
the root which lies between 0 and z, 2 of the equation 


A tand = «i, (2) 


He interprets 

sk = C (3) 
as the opacity of the slab, presumably because for a collimated beam of the 
frequency shape assumed shining through the slab, the total transmitted 
intensity J(/) is to the total incident intensity J(0) in the ratio 


T(l)/1(0) = e*! = e, (4) 


In an experimental case, he suggested that the opacity of the slab should be 
determined by measurement, and used to calculate P. This clearly is in- 
tended as a way of finding a suitable type of mean value for P, in considera- 
tion of the fact that the absorption and emission coefficients actually depend 
on the frequency. 

In Milne’s theory P is a function only of J(/)/J(0), or of the fraction of 
incident light transmitted by the slab when the absorption and emission 
coefficients are independent of frequency over the breadth of the line. This 
fact suggests the assumption that P is a function only of the transmission 
(or absorbing power) of the slab even when the absorption and emission 
coefficients do depend on the frequency, and that the function itself is un- 
changed. Since we can determine the ratio J(/)/J(0) we can evaluate P on 
the basis of this assumption, so that it is a convenient one to make for our 
present problem, and we shall proceed to use it. Its accuracy is perhaps open 
to some question, but it is hoped that it affords a good approximation. The 
discussion moreover, contains many ideas which are essential to any more 
rigorous theory. The assumption agrees with Milne’s suggestion, but requires 


20 Milne, Jour. Lon. Math. Soc. I, Part I, p. 40 (1926). 
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the added rather obvious statement that the light whose transmission we 
determine has intensity corresponding in frequency distribution to the 
natural radiation coefficients of the gas in the cell. We may then calculate 
I(l)/I(0) from the known value of A, and through it obtain the value of P. 

The use of a value of P derived for an infinite plane slab in the case of 
our cell which is cylindrical is roughly justified later, by consideration of the 
dimensions of the cell, in relation to the probability of a quantum escaping 
at the edge. 

We shall calculate P for a line affected by Doppler broadening only. The 
effect of pressure broadening was considered before and expressed by another 
term, ap, so it need not be discussed here. 

A consideration of the Doppler principle applied to a system of atoms 
moving with velocities according to the Maxwell-Boltzmann velocity dis- 
tribution formula, and the definition of the half breadth of a line as the 
breadth Ay at half the maximum height of the line, leads*! to the formula 


o(v)dv = o(vo)e 4log2 (vy)- y)? Av" dy (5) 


for the probability that a quantum emitted or absorbed with proper fre- 
quency vp» will appear to the observer to be of frequency v, where ¢(v9) is the 
maximum, occurring at vo, and 


SkIvo? 1/2 
Av = | log 2 (6) 
mc~ 
is the half breadth. 
If we put 

4(v9 — v)? 

of ti aanemrnacine log 2 (7) 
Av? 


then the absorption coefficient 


9 


k(v) = x(v)e~* . (8) 


Also if 7(0, v) is the intensity incident on the slab at v, and /(l, v) is the in- 
tensity transmitted at v, then 


(0, v) = I(0, vo)e-* (9) 


in accordance with our assumption that the incident light must have the 
same frequency distribution as the radiation coefficients. 
Then the transmitted intensity at v is 


I(l,v) = 1(0, v)e*! = 1(0, vo) exp [— w? — x(vo)le~* }. (10) 
The total incident intensity is 


1(0) = f 1(0, »)e-**dv. (11) 
0 


21 Miiller-Pouillet’s, Lehrbuch der Physik, 11 Ed. V. 2, Part 2, V.1. Article by Minkowski 
discusses factors affecting shape of spectrum lines. 
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A similar integration of Eq. (10) gives the total transmitted intensity J(/). 
Then, changing dx into terms of dw and changing the integrations to cor- 
respond (0 becomes effectively — ©), and integrating the denominator gives 
the required ratio 


2 an [— w? — x(vole-*" Jad 12 
— = —- exp [— w* — k(vo)le~* |dw. (12) 
(0) or! ? J_,, 
The integral may be computed graphically when x(vo) is known. 

Now when a collimated beam /(v) goes a distance dx the energy absorbed 
per cm? in dp is x(v)I(v)dvdx, but it is also nhvp(v)b(v)dvdx, and since cp(v) 
= I](v) we find that 








k(v) = nhvb(v)/c. (13) 


From Eq. (5) it is apparent that Bé(v) = d(v), and since a quantum must 
appear to be absorbed at some frequency /,°¢(v)dvy =1 whence 


















i) b(v)dv = B. (14) 
0 


Further, the Einstein relation™ of radiation coefficients is 
B = g,c°A/8rg,hv*. (15) 


The value of A is known quite accurately whence, through Eqs. (13), (14), 
(15), (8) and (7), and assuming (as Zemansky" did) that the five components 
of the line are approximately equal, we get «(vo) as one fifth of the value it 
would have if there were only a single component, namely, 


(2log 2)!/? giW?A on 





K(vo) = a ms =" (16) 
Using the* value 8.75 X 10° for A 
x(vo) = 1.64 X 10-42 /Av. (17) 
The Doppler half breadth, by Eq. (6), is 
Av = 5.97 X 10°71! (18) 


and since the mercury vapor pressure in the experiments was that of the 
liquid at 28°C, namely 0.00236 mm 


n = 2.295 X 10'°/T. (19) 
Whence finally 


K(vo)l = 1.04 X 105T-3/2, (20) 


2 Ruark and Urey, Atoms, Molecules, and Quanta, p. 60. 
*3 Ladenburg and Wolfsohn, Zeits. f. Physik 65, 207 (1930). 
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Thus P may be calculated at each temperature through Eqs. (20), (12), 
(4), (3), (2), and (1). The course of the calculation is indicated in the fol- 
lowing table. 











TABLE IV. 
rs K(vp)l T(1)/I(0) c r P 
301 19.9 0.0158 4.15 1.273 0.761 x 10° 
374 14.4 0.0233 3.76 1.251 0.882 x 10° 


486 9.7 0.0375 3.29 1.216 1.058 x 10° 








A rough justification of the assumption that our cell is a fairly good approxi- 
mation to an infinite plane slab may be obtained from the figures of Table IV. 
Our method depends on the fact that the rim is relatively farther than the 
face of the cell so that a quantum of radiation has less chance of escaping 
there. Hence, we should consider the situation at the highest temperature, 
where the transmission is greatest, to strengthen the argument. The value 
of x(vo) 1 at 1.65 cms is 9.7 whence at 2.16 cm, the radius of the cell, it 
would be 12.7. Now consider points on the axis of the cell. A rough inter- 
polation gives J(l)/J(0)=0.028 for x(vp)]=12.7 and this is the chance of a 
quantum going far enough unabsorbed to escape at the rim. The solid angle 
is roughly 27 X2.16X1.65/2.16 =427 X0.38. Thus the total probability of a 
quantum emitted at the axis of the cell escaping at the rim is 0.028 X0.38 
= ().0106. 

Now the probability of a quantum being emitted by a 1-atom in time dt 
is Adt, and the probability of a quantum escaping from an infinite plane 
slab is Pdt, whence the probability of an already emitted quantum escaping 
from the slab is P/A = 1.058 XK 10°/8.85 X 10°=0.12. Thus the added probability 
of escape due to the cylindrical shape of the cell, for quanta emitted close to 
the axis, where observations are made, is only one tenth of the total. This 
affords justification for the belief that the assumption is a good one, involving 
at least no greater error than the use of Milne’s theory. 
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Hyperfine Structure and the Polarization of Mercury 
Resonance Radiation 


By ALLAN C. G. MircHeLy 
Department of Physics, New York University, University TIeights 
(Received April 28, 1932) 

The general theory of the calculation of the polarization of resonance radiation 
is discussed for the case when hyperfine structure has to be considered. The polariza- 
tion of mercury resonance radiation is computed for various orientations of electric 
vector and magnetic field, use being made of the hyperfine structure data of Schiiler 
and his collaborators. The polarization of the stepwise radiation of mercury is also 
calculated and the results compared with the experiments of Richter. Fair agreement 
between theory and experiment is found. von Keussler’s method of calculating the 
polarization is discussed and it is shown that his method leads to incorrect results. 


INCE the recent analysis of the hyperfine structure of mercury by 

Schiiler and Keyston!' and Schiiler and Jones? several writers have made 
use of these data to calculate the polarization to be expected for the reso- 
nance radiation of mercury and for lines excited in stepwise radiation. Thus 
Larrick and Heydenberg*® and von Keussler* have calculated the polarization 
to be expected for the resonance line \2537 of mercury, have compared their 
results with the experiments of von Keussler® and Olson®, and have found 
good agreement between theory and experiment. Further von Keussler made 
the calculation for the separate hyperfine structure components of \2537, 
which he found to be in substantial agreement with the experiments of Ellett 
and MeNair’, and also for the polarization of the stepwise lines in mercury 
as observed by Richter’. 

Larrick and Heydenberg have carried through the calculation for the 
case in which the resonance tube is in a zero magnetic field, or in which it is 
in a magnetic field parallel to the electric vector of the exciting light. The 
case in which the magnetic field is perpendicular to the electric vector of the 
exciting light was not considered. von Keussler, on the other hand, did not 
correctly take into account the relative populations of the upper Zeeman 
levels of the several hyperfine structure components and was led thereby 
to erroneous conclusions. 

It is the purpose of this paper to review the general method for obtaining 
theoretically the polarization of any resonance line showing hyperfine struc- 
ture and to apply it to the problem of mercury resonance radiation and 
stepwise radiation in mercury. 

1 Schiiler and Keyston, Zeits. f. Physik 72, 423 (1931). 

2 Schiiler and Jones, Zeits f. Physik 74, 631 (1932). 

’ Larrick and Heydenberg, Phys. Rev. 39, 289 (1932). 

4 vy. Keussler, Zeits. f. Physik 73, 565 (1932). 

5 vy. Keussler, Ann. d. Physik 82, 793 (1927). 

6 Olson, Phys. Rev. 32, 443 (1928). 

7 Ellett and McNair, Phys. Rev. 31, 180 (1928). 

8 Richter, Ann. d. Physik 7, 293 (1930). 
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GENERAL METHOD 


A general method for calculating the polarization of resonance radiation 
has been given by Van Vleck® and applied by the writer'® to the case of cad- 
mium resonance radiation in which hyperfine structure is involved. To carry 
out the calculation one usually assumes that the resonance tube is in a 
magnetic field strong enough to separate the Zeeman levels for each hyper- 
fine structure component but still not strong enough to cause Paschen-Back 
effect of hyperfine structure. The Zeeman transition diagrams for each hyper- 
fine structure component must then be drawn and the relative transition 
probabilities for each Zeeman component computed from the usual sum 
rules. These relative transition probabilities must now be readjusted in such 
a way that the chance of leaving any magnetic sublevel of any hyperfine 
structure component will be the same for all such levels. This assumption, 
equivalent to the statement that the mean life of any upper magnetic sub- 
level is the same for each such level of any hyperfine structure component, 
has been justified theoretically. Such a procedure serves to place the absorp- 
tion coefficients and relative emission intensities of the various Zeeman 
components of the resonance radiation on a correct scale so that there is no 
further need for consideration of relative intensities of lines coming from 
Various magnetic states. 

Hyperfine structure is ascribed to the spin moment i of the nucleus of a 
given atom. This nuclear moment vector 7 then combines with the spin and 
orbital angular momentum vector of the electrons j to form the total angular 
momentum of the atom f (f=i+,). Thus, for a given electronic state j there 
may be several hyperfine structure states with different values of f. Each of 
these states splits into 2f+1 states in a magnetic field. It is found further 
that the value of the nuclear moment 7 is dependent on the isotopic constitu- 
tion of any given element. Thus, isotopes of even atomic weight usually 
show no nuclear moment and those of odd atomic weight show some mul- 
tiple of 3. 

If a resonance tube containing a vapor of an element consisting of various 
isotopes is radiated by a light source containing this element, the intensity 
distribution of the resonance radiation will depend on the intensity distribu- 
tion of the light from the source, the relative number of atoms of different 
isotopic constitution in the resonance lamp, and on the absorption coefficient 
for the light of a given frequency. 

In order to include both resonance radiation, in which an atom goes from 
a lower level to an upper level under absorption of frequency v and returns to 
the same level under emission of light of the same frequency, and other types 
of radiation, in which it returns to other lower levels with emission of a dif- 
ferent frequency, one may consider the following diagram." The atom, orig- 
inally in one of the hyperfine states (f’, jo), absorbs radiation of intensity J, 


® Van Vleck, Proc. Nat. Acad. Sci. 11, 612 (1925). 

10 Mitchell, Phys. Rev. 38, 473 (1931). See however a correction by Ellett and Larrick, 
ibid. 39, 294 (1932). 

1 The writer is indebted to Professor G. Breit for this method of presentation. 
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[T(f'"’, asf’, jo)], reaches the upper state (f’’’, 7;), and returns with emis- 
sion of light to the state (f’’, j.). The number of atoms of isotope A, having 
a nuclear spin 74, in the lower state f, is 


(fa + 1)Na 


~ (Qe + 1)(2i, + 1) 





Since to every level f, there are 2f4+1 magnetic levels, the number of atoms 
of isotope A in any such level is 

















\ wa 
"  Qio + Qin + 1) 
i —f 
A —_— = — f 
d. =f 
Fig. 1. 


Let the transition probability between a magnetic sublevel m’(f4’, jo) of a 
hyperfine level f4’ of jo to a magnetic sublevel m’’’(f4’"’, j:) of a hyperfine 
level f4’’’ of 7; be for a t component 


v(m’, fa’ Jo; m!", fa”, ji) 


and for a ¢ component 
T'(m’, fa’, jo; me, fa ji). 


If the resonance tube be situated in a magnetic field making an angle @ with 
the electric vector of the exciting light, then the chance of reaching a given 
upper magnetic level (m’’’f4’’’j,) by the absorption of 7 and o components, 
respectively, is proportional to 


N mT (fa”", jas fa’, Jo)y(m'fa'jo; m'"fa"j1) cos? 8 


BN wT (fal, jas fal, JE Cm falj0s ml fal" jr)sin’ 8. 


If the radiation is observed at right angles to the direction of the exciting 
beam and to the plane of the magnetic field, and if — and 7 are the intensities 
of radiation polarized along and perpendicular to the direction of the field, 
respectively, then for the contribution to the intensity from the upper level 
(m'"'f4'"'j,) we have (omitting the common factor 2j)9+1) 


ti, = RI (fa jo; fa”) er + ws a jx; m"’ 44) {v(m fia’ jo’; m!"fa!"j)) cos26 


+ 30 (m'fa'jo; hese i) sin? 6} 
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and 


YA 
oo Sn” * are Os, £2 iy 2. ae 3 
NA = 2 v" I(fa"Jo3 fa hyl (m A Ji, ™ Ja J) 
“lA+1 


{-y(mn' fal jo; me’ fal"jr) cos? + AL (m' fal jo; m’ fal") sin? 0} . 


For the total intensity in each direction one must sum over all magnetic 
levels, hyperfine levels and isotopes. 


Na 

cE=k DO DY MM fa'jos fa" ———- Ev ln! fal fis m" fale) 

ABG-<«- gg" 2t4 + 1 mre? an?? m* 

-[y(m'fa'jo; mm’ fa f) cos? 0 + AL (m' fa’ jo; mm’ fa’ jy) sin? 6} (1) 

ee eee... 
7 = $k ; z. I(fa'je; fa’ j)—— se {P(m"" fa" ji; m" A je) 
ABE++ i 7° 2is + 1 an??? .on?* oa” 

-[y(m' fa’ jo3 mm’ fa" ji) cos? 6 + 3D (m'fa'jo; m' fa’ ji) sin? o]} . (2) 

The polarization is then given by 
out! 
E+ 


THe POLARIZATION OF MERCURY RESONANCE RADIATION (A2537) 


In order to explain the hyperfine structure of mercury, Schiiler and 
Keyston assumed that the even atomic weight isotopes (NV,=69.88 percent 
of an ordinary mixture) show no nuclear moment, the isotope of atomic 
weight 199 (Ni99 = 16.45 percent) shows a moment i=}, and that of atomic 
weight 201 (Noo, = 13.67 percent) shows a moment i=3/2. Fig. 2 shows the 
Zeeman transition diagrams for the various hyperfine structure states. Below 
each line are given the adjusted transition probabilities and at the right of 
each upper level is given the population per unit light intensity per atom in 
each lower level. To conserve space only half of the transitions for the odd 
atomic weight isotopes are given. 

The resonance line of mercury shows five hyperfine structure components. 
As may be seen from Fig. 3 the lines from the even isotopes do not all come 
at the same wave-length and furthermore lines from some isotopes may co- 
incide with lines from others. The numbers next each line give the relative 
intensity of each component as observed by Schiiler and Keyston and the 
wave-length separations in milliangstroms are given below. 

In the practical problem of observing the polarization of resonance radia- 
tion the exciting light source is usually run at fairly high current density. 
This means that the vapor pressure in the arc is high enough so that some of 
the radiation is absorbed by cold atoms near the walls. This tends to make 
the intensity of all the hyperfine structure components about equal. If the 
current in the arc is kept very low, the intensity distribution tends more 
toward the theoretical intensities. These two conditions are usually desig- 
nated by broad line and narrow line source respectively. 
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The calculation has therefore been carried out for these two cases. For 
the broad line condition formulae (1), (2), and (3) are used and [(fa’jo: fa’’’jy) 
is made the same for every term of the sum. For the narrow line source, the 
intensities of the components as given in Fig. 3, together with the number of 
atoms of a given kind capable of absorbing these frequencies, are used. 
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Fig. 3. Hyperfine structure of \253 


The results of the calculation are given in Table I for the cases in which 
the electric vector of the exciting light is parallel (@=0) or perpendicular 


TABLE I. Polarisation of mercury resonance radiation 





Excitation Polarization (percent) 
6=0 0=7/2 
Broad line 84.7 73.35 
7 81.2 


Narrow line 88. 





(9@=7/2) to the field. If the experiment is performed in the absence of a 
magnetic field, spectroscopic stability insures that the correct value will be 
given by placing @=0. 
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The results are in substantial agreement with experiment. von lKeussler® 
using a broad line source, found 79.5 percent polarization, while Olson® varied 
the current in his source and found 79 percent with a current of 3.5 amperes, 
84 percent at 1 ampere, and 86 percent at 0.4 amperes. Both experiments 
were performed in a zero magnetic field. 

The results of Table I are, of course, in agreement with those of Larrick 
and Heydenberg who used the same method, but not in agreement with the 
calculations of von Keusslert who obtained 83.4 percent polarization for 
6=0. This descrepancy, although not large, is due to a fundamentally in- 
correct method of calculation as will be shown later. 


POLARIZATION OF THE SEPARATE HYPERFINE STRUCTURE 
COMPONENTS OF \2537 


Ellett and McNair’ measured, by means of a Wollaston prism and a 
Lummer plate, the polarization of the five hyperfine structure components 
of the resonance line \2537 separately. They showed that the three inner 
components (11.5, 0, —10.4 m.A.) were practically completely polarized, 
whereas the two outer components showed incomplete polarization. Re- 
cently Ellett' measured the polarization of resonance radiation containing 
only the two outer components and found the degree of polarization to be 
not more than 60 percent. 

Table II gives the results of the calculation by the methods outlined above 
for a case in which the source shows broad lines and when the experiment is 
carried out in a zero magnetic field. 


TABLE II. 
Component Polarization in percent 
This method von Keussler’s method 
21.5 55.9 54.3 
11.5 100 100 
0.0 100 100 
—10.4 84.8 76.4 
—25.4 51.4 51.4 


The two components 11.5and0.0show 100 percent polarization as would be 
expected since they arise from isotopes that show no nuclear spin. As an 
example of the use of formulae (1) to (3) the calculation of the polarization 
of the 21.5 m.A. component will be carried out in detail. Fig. 3 shows that 
this component is made up of the three components J,, 74, and J, of Fig. 2. 
The polarization will then be given by 


(4507 N+ 631 4N2901)(3 cos? 6 — 1) 


4501 ,N -(cos? @ + 1) + 20074 N 199 + 97,.N201(7 cos? 6 + 31) 


> = 


Substituting J,=Ja =J,, N,=0.0685, Nig =0.1645, and No, =0.1367, and 
6=0, one obtains the result given in the table. 


2 Ellett, Phys. Rev. 37, 216 (1931). 
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The results of the calculation are in good agreement with experiment. 
Owing to the difficulties of the experiment the deviation of the —10.4 m.A. 
component from 100 percent would not be expected to be observed. 


POLARIZATION OF STEPWISE RADIATION 


Richter radiated a mixture of mercury vapor and nitrogen with polarized 
light containing all the lines of the mercury spectrum and observed the radia- 
tion given off from the resonance tube in a direction at right angles to the 
exciting light beam for polarization. He confined his measurements to the 
visible triplet (A4047, \4358, 45461) from the 7°S, state, and the ultraviolet 
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Fig. 4. Excitation of stepwise lines \4047, \4358 from isotope 201, upper level f=3. 2. 


triplet (A2967, 43131, 43663) from the 7*D, state, and found these lines to 
show various degrees of polarization. In order to reach these higher states, 
normal mercury atoms must absorb A2537, reach the 6*P, state, be transferred 
to the 6°P» state by collision with nitrogen, and absorb either \4047 (6°P, 
—7°S,) or \2967 (6°P)—7°D,) from the arc. 

The calculation of the polarization of these lines will be carried out for a 
broad line source. One must first find the relative number of atoms in any 
sublevel (m’, fa’jo) of the 6°P» state at any time. During the excitation to the 
6'°P; state the relative number of atoms of a given isotopic kind reaching the 
upper state will be directly proportional to the relative abundance of isotopes 
in the ground state. Assuming that the mean radiation life for each hyperfine 
structure component is the same and that the chance of being brought to 
the 6°P, state by collision with nitrogen is the same for all isotopes, it follows 
that the relative number of isotopes in the 6*P» state after the process will 
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be the same as that in the ground state. It must be assumed further that 
collision with nitrogen leads to an equal distribution of atoms among the 
magnetic sublevels of a given hyperfine state. Since 6°P») has the same 
structure as the ground state the distribution of atoms among the magnetic 
sublevels can be taken to be the same as in the ground state. 

On account of the many levels involved, the complete level scheme for 
these transitions can not be given here. As an example, however, the diagram 
for the excitation of the f=3/2 state of the 7°S, state for the isotope 201 is 
given in Fig. 4. The state is reached by the absorption of one of the hyperfine 
structure components of 4047 and from it are radiated the three visible lines. 
The transition’ probabilities are given at the foot of the diagram and the 
relative population of each upper level on the right. The transitions for the 
line 45461 are not shown. 

Richter measured the polarization of the stepwise lines in the two cases 
6=0 and 6=7/2. A comparison between his experimental results (the mean 
of all observations for a given orientation of field and electric vector) and 
calculated values of the polarization is given in Table III. In column 5 of 


TABLE III. Polarization of stepwise radiation 

















7S1—6°Po.1,2 
Polarization in percent 
Line Condition Observed Calculated v. Keussler 
‘ 6é=0 72+6 84.7 83.4 
4047 gus/2 56 +14 73.5 
- 6=0 49 +6 44.6 71.5 
4358 Gue/2 2244 18.2 
. 4=0 13 +1 3.44 8.7 
r5461 @usx/2 8.521 3.66 
7?D,—6°Po.1.2 
Polarization in percent 
Line Condition Observed Calculated v. Keussler 
™ 4=0 67 +7 84.7 83.4 
9 5 
r296/ Omx/2 87 +7 73.5 
3131 4=0 29+7 44.6 71.5 
O=7/2 25 +1 18.2 
43663 é=0 42+4 3.44 8.7 





8 The adjusted transition probabilities are not given for the hyperfine structure compo- 
nents of \4358 and \5461. The adjustment of the figures given (relative transition probabilities) 
to make the transition probability from any upper magnetic sublevel the same for all such levels 
is best accomplished during the calculation by using 

ym" fa"; m" fa j2) T( ) 


ae > pe ‘7 Lan . aT serie ,” wee “ and ,. % 
(mfg 9, 5 mn fa je) (mn fa'5, 5 "fa j) y )+TC ) 


for each Zeeman component in question instead of y or I’ as given in Eq. (1). 
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the table are given von Keussler’s calculated values. The following obser- .. 


tions were obviously not included: (1) When the electric vector of the exciting 
light was parallel to the observation direction and the magnetic field was 
zero: and (2) when the magnetic field was in the direction of observation. 
Only the degree of polarization is given in the table without respect to the 
direction of the plane of polarization of the fluorescence. One might add that 
in all cases the calculated and observed direction of polarization are in 
agreement. 

One may see from the table that there is fair agreement between theory 
and experiment for the visible lines with exception of 45461. For the two 
lines A4047 and A4358 the decrease in polarization to be expected when the field 
is perpendicular to the electric vector is observed. For the line 45461 there 
seems to be considerable disagreement between theory and experiment. This 
is probably due to the fact that such a small degree of polarization as that 
shown by this line is difficult to measure. 

For the ultraviolet lines the agreement is not quite so good. The reason 
may be twofold. In the first place the hyperfine structure of these lines has 
not been measured, and the calculation was made on the assumption that 
they follow the same scheme as the visible lines. In the second place the ob- 
servations are more difficult to make since the lines are weaker. The line 
3663 is seen to be in bad disagreement with theory. This may have its origin 
in the fact that this line is probably a composite of the three lines 43663, 
\3650, and A3654."4 

There still remains one point of divergence between the calculated and 
observed values. It will be noted that the mean of the observed values of the 
polarization for \4047 lies below that calculated while for \4358 and \5461 
the reverse is true. One would expect that the observed polarization would 
always lie below the calculated value due to the effect of collisions and im- 
prisoned resonance radiation. Richter has shown, however, that the polar- 
ization of A4047 and A4358 is practically independent of the nitrogen pres- 
sure. The fact that the observed values of the polarization for \4358 and 
A5461 lie above the calculated might be explained if the \4047 line in the are 
were not quite a broad line. In this case one would expect the hyperfine 
structure components due to the even isotopes to be stronger than those due 
to the isotopes 199 and 201. This would result in a relative increase in the 
number of even isotopes in the 7*S, state, and since the polarization of the 
components due to the even isotopes is higher than that due to the odd there 
would be a consequent increase in the polarization of all three lines. The 
effect would be a differential one, however, and would tend to increase the 
polarization of 44358 and A5461 relatively more than that of \4047. This is 
due to the fact that the former lines have more hyperfine structure compo- 
nents coming from the upper levels of the odd isotopes than does \4047, and 
these components are, in general, weakly polarized. 


4 See Mitchell, Phys. Rev. 36, 1589 (1930). 
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REMARK ON VON KEUSSLER’S METHOD 


von Keussler calculated the polarization for the mercury lines for the 
case in which there is no magnetic field, using a method different from the 
one employed here. He considered first each hyperfine structure component 
separately and wrote down the relative intensities of each 7 and ¢ component 
of the Zeeman pattern. He then appears to have assumed that those states 
which are reached by the absorption of ¢ components alone are not excited 
and that those which are excited by absorption of 7 components are all 
equally populated. The degree of polarization for the resonance radiation from 
this one component would then be 


P=(J,-—J,)/J:tJy (4) 


where J, =>J,; J,=2J, (the sum of the intensities of t and ¢ components, 
respectively, emanating from upper Zeeman levels). Instead of using the 
polarization P as written he made use of the notion of spatial polarization 
defined by 


P’=(J,-—J,)/J:t+ Uy) 


where J, and J, have the same significance as in (4), and the denominator is 
the total intensity radiated in all directions of space. Finally he assumed that 
the spatial polarization of a group of hyperfine structure components would 


be given by 
Ie 
k 


Pp = ———_- 


Oy, 


where J; is the intensity of the kth component and is proportional to 
(2f, +1) /(27,+1)N,. The observed polarization is given by 
3 
6s eins 
1+ 2/P" 

The error in the method is, of course, the assumption that all of the upper 
magnetic levels which are reached by the absorption of + components are 
equally excited. This may be seen not to be true in general by inspection of 
Fig. 2. Table III, for the polarization of the five hyperfine structure com- 
ponents of A2537 illustrates this point. The table shows that there is agree- 


ment between von Keussler’s method and the one used here for all except 
the two components 21.5 and —10.4 m.A. It is just these two components 


for which the assumption of equal population of upper magnetic levels does 
not hold. . 


















































JUNE 15, 1932 PHYSICAL REVIEW VOLUME 40 


The Relative Intensities of Multiplet Transitions in 
Complex Spectra 


By C. W. UFForp 
Palmer Physical Laboratory, Princeton University 


(Received April 23, 1932) 





From the wave functions of the multiplets of Slater's theory of complex spectra, 
the relative transition probabilities of multiplet transitions have been calculated for 
Russell-Saunders coupling for the electron configurations p*s— p*s*, p’s— p', p?s— p’, 
p's— p'’s?, pis— p's, p?s—ps*, pis—p* and the quintet transitions of d*p—d*s. The 
calculated quintet transition probabilities of d*p—d*s are compared with the values 
measured in Ti I. 





I. INTRODUCTION 


HE relative transition probabilities of multiplet transitions have been 

calculated for Russell-Saunders coupling for configurations containing 
only s and p electrons with more than two electrons, and for the quintet 
terms in the electron configuration d*p—d*s. The relative transition proba- 
bilities for the electron configurations p*p’ — p*s are the same as those of the 
simple configurations pp’ — ps, the p* group, lacking one electron of being a 
closed shell, behaving in a manner similar to that of a single p electron. 
Similarly the relative transition probabilities in d*p—d*s are the same as 
those in dp—ds. The relative transition probabilities for these two pairs of 
two electron configurations found by the method of the present paper agree 
with those found by the method of Kronig! which gives the relative transi- 
tion probabilities of multiplet transitions in two electron spectra. 

The transition probabilities in Russell-Saunders coupling for some cases in 
which the jumping electron does not belong to a group of more than two 
equivalent electrons have been calculated by Johnson*® by coupling the 
angular momentum vectors in a prescribed order. 

The method used in the present paper is to find the transition probability 
for a single electron jump by using the wave functions of the multiplets of 
Slater’s* theory of complex spectra which can be found by the methods given 
by Gray and Wills, Wigner,’ Bartlett,® or Johnson.’ From this transition 
probability, the transition probability for the entire multiplet transition 
may be got by use of the summation rules of Ornstein and Burger given in 
Born and Jordan.® 

These methods determine the wave function completely for a multiplet 

1 R. de L. Kronig, Zeits. f. Physik 33, 261 (1925). 

2 M.H. Johnson, Jr., Phys. Rev. 40, 133 (1932). 

3 J. C. Slater, Phys. Rev. 34, 1293 (1929). 

‘N. M. Gray and L. A. Wills, Phys. Rev. 38, 248 (1931). 

5 E. Wigner, Gruppentheorie, 1931, p. 206. 

6 J. H. Bartlett, Jr., Phys. Rev. 38, 1623 (1931). 

7M. H. Johnson, Jr., Phys. Rev. 39, 197 (1932). 

§ M. Born and P. Jordan, Elementare Quantenmechanik, J. Springer, 1930, p. 160. 
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in case only one of its kind belongs to the configuration. If several multiplets 
of the same kind are given by a configuration, one must assume that each of 
them is coordinated with a parent term in the limit configuration in a 
definite way in order to get completely determined wave functions. Of course 
this assumption may break down, for it corresponds to neglect of the matrix 
components of the Hamiltonian connecting the two multiplets; but it fre- 
quently corresponds to a good approximation to actual conditions in the 
atom. It is this assumption that corresponds to the grouping of multiplets 
into triads, pentads, etc. in actual analyses of spectra. This assumption is 
used in but one place in this paper, i.e., to determine the wave functions for 
the two °D multiplets in the d*p configuration. 


II]. MetuHop OF CALCULATING TRANSITION PROBABILITIES 


In order to find the wave functions for the configuration d*p or d*s by 
Wigner’s® method it is first necessary to know the functions for d* to which is 
then added a p or an s electron to give d*p or d*s. To find d’, first two equival- 
ent d electrons must be combined to give d?; and then to d? a third equivalent 
d electron must be added. In this way the wave functions d*p 5G and d*s 5F are 
found to be: 





1 :' ee ; 
d*p*'G32 = —— | 31/2) a alata,'| + | a°alata,® | } 
96/2 BN 
, (1) 
ds5F 35 = — | avalata, | , 
241 io | | 


where the subscript 3 of 5Gs2 is the z component, mz ,, of the total orbital 
angular momentum, L; and the subscript 2 is the z component, ms, of the 
total spin angular momentum, S. a” represents the central field wave func- 
tion of a d electron with m,=3, B™ ad electron with m,= —3; and the super- 
script, m., gives the s component of the orbital angular momentum, /, of the 
electron. The s and p electrons are distinguished by a subscript from the 
three d electrons. Each term in the linear combination going to make up the 
wave functions is a determinant of the central field wave functions of single 
electrons since any complete wave function must be antisymmetric. The first 
letter in each determinant corresponds to the first electron, the second letter 
to the second electron, etc. Thus |a~a'a’a,' | = — lata a’a,!' |. 

Now the transition probability’ between these states depends on the 
quantity P given by 


ins f d® p'Gyord®s Foadr’, (2) 


where 7 is the sum of the radius vectors of the four electrons, and dr’ in- 
dicates integration over the three coordinates of each of the four electrons 
and summation over the spins. Because of the orthogonality of the central 
field wave functions, this integral vanishes!® unless three of the electrons in 

® See for example E. U. Condon and P. M. Morse, Quantum Mechanics, McGraw-Hill, 


1929, p. 100. 
10 E. U. Condon, Phys.Rev. 36, 1131 (1930). 
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d*p ®Gso agree in all their quantum numbers with those of d*s °F 32, and unless 
for the fourth electron Am, =0, Am,;=0, +1 and Al= +1. This gives: 


I l pe a et a 
ry ay n > a> 
P= : aalata,® r a’atata, dr’. (3) 


9612 24172 


Now each term in the first determinant times the second determinant yields 
24 integrals. However, each of the 24 terms in the first determinant yields 
the same 24 integrals so that the integral becomes: 


\—-- — 


‘ atk ek we P 
P= bf aatata,'r| a’alata,| dz’. (4) 


The component coordinate of r for which the integral does not vanish is deter- 
mined by the change in m;. Since Am,=0 in this case, all integrals except the 
one involving the s component of r for the unequal electrons vanish. Also the 
first three electrons in the term from the determinant must equal those in the 


term from d*p °G32 giving: 
P= bf asad, (5) 


as the integration over the coordinates of the first three electrons gives 1 on 
account of the normalization of the central field wave functions. 

To find the total transition probability of the multiplet transition, the 
sum must be taken over all allowed transitions between the different values 
of m, for each multiplet. This sum is given by the rules of Ornstein and 
Burger’ with 7 replaced by Z for Russell-Saunders coupling. 

In addition to the factors given by Ornstein and Burger, there must be a 
factor 2S+1 to express the result of summing over the different values of 
ms. Thus for d*p 5G32—ds ®F 30, 

a ) 
J#t-1 = (25 +1) a oD te Lt, Mz), (6) 


L? — m,? 





or on substituting L=4, m,;=3 and S=2, 


u 


Jia = 13] feoteaar| ; (7) 


where J”+~' represents the total transition probability for a multiplet transi- 
tion in which LZ changes from L to L—1, and J#:4—" (m,, m,) represents the 
transition probability where the total orbital angular momentum L changes 
from L to L—1 with m, remaining unchanged. J4:4~! (m_, m_) is proportional 
to the square of the quantity P in Eq. (5). 


II]. THEORETICAL RELATIVE TRANSITION PROBABILITIES 


Following the general method of section 2, the relative transition proba- 
bilities for all configurations involving s and p electrons (except those for 
which the Kronig rules suffice for a complete determination of the relative 
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transition probability) have been calculated. The results are given in Tables 
I to IV. The intersystem transitions forbidden by the selection rule for the 
spin quantum number, 4S=0, are marked x, and those forbidden by the 
selection rule for total orbital angular momentum, AL =0, +1, are marked y. 
There are as yet no experimental measurements of intensities with which 
these theoretical formulas can be compared. 








TABLE I. Relative multiplet transition prob- TABLE II. Relative multiplet transition prob- 
abilities in Russell-Saunders coupling for the abilities in Russell-Saunders coupling for the 
transitions p*s— ps* and p's— p’. transition p's?— ps. 

p*s or p's } | pis 
| F are: ; ~ ~| 

| pst or 28 PD | ‘Pp is | 
p> 2p 1 9 5 | | p's 3p 9 x x | 

saat ine on 1p x 5 1 

TABLE II]. Relative multiplet transition TABLE IV. Relative multiplet transition 
probabilities in Russell-Saunders coupling for probabilities in Russell-Saunders coupling for 
the transitions p*s— p' and p's— p's. the transitions p's— p*s? and p*s— p'. 

p’s or p's p’s 
ip 2p 2p 2s | 3S 3p a y Di 
p’ ‘Ss 12 x,y «© s | pes?) °P 12 9 15 x s | 
or 2D x 15 15 AY or}; ‘1S x 3 x 4 y | 
| p's 2p x 5 9 4 | p'| ‘D x x x 5 15 


IV. COMPARISON WITH OBSERVED INTENSITIES 


In view of the scarcity of experimental measurements of relative in- 
tensities of multiplet transitions in complex spectra at present, it was not 
considered worth while to work out the transition probabilities for the more 
complicated configurations. However, the measurements of Harrison and 
Engwicht" of the strong quintets arising from d*p to d*s in Ti I are suitable 
for a test of the theory, so that this case will now be considered in detail. 

In these configurations, the quintet triads of d*p and monads of d’*s, 
which result from adding a p and an s electron respectively to the several 
multiplets of the d* configuration of Ti II, are well separated. It is therefore 
significant to regard the two 5D’s of d’p as having definite parentage in the 
d* configuration. This assumption leads to vanishing transition probabilities 
between multiplets in d*p and d*s which have different parents in d°. 

That such multiplet transitions are actually very weak relative to the 
others is shown even by the rough intensity data in Russell’s” analysis of 
Ti I. They are not entirely absent, however, indicating some departure from 
the condition of exact parentage assignment for the multiplets in d*p and 
d*s, The intensities of these weak multiplet transitions were not measured 
by Harrison and Engwicht so for them only a very rough indication of their 
intensities can be given by converting the visual estimates into approximate 
1G, R. Harrison and H. Engwicht, J.0.S.A. and R.S.1. 18, 287 (1929). 
12H. N. Russell, Astrophys. J. 66, 283 (1927). 













978 





W. UFFORD 





C. 


relative intensities by using Russell’s'’ empirical rule that intensity varies 
as the square root of numbers assigned on the visual scale. 

The experimental data used here are those of Harrison and Engwicht"™ 
to which small corrections have been applied according to the ideas of 
Harrison and Johnson" to allow for the slight alterations produced by the 
partial break-down of Russell-Saunders coupling, which permits weak transi- 
tions between multiplets of differing multiplicity. 

In this work the most difficult point, in attempting to infer relative 
transition probabilities from the observed intensities, is that which refers 
to the relative numbers of atoms in the initial states under the actual condi- 
tions of excitation in the source. This was an arc, and the conditions’ are 
certainly not those corresponding to thermal equilibrium at any definite 
temperature. Nevertheless in the absence of any better way to treat the data, 
Harrison and his co-workers have adopted the procedure of correcting ap- 
proximately for the distribution of atoms in various initial states by sup- 
posing it to correspond to thermal equilibrium at a temperature 7, that is, 
that the number in an initial state of energy E; and of statistical weight, g; is 


proportional to 
ge Fil RT 


The question is then whether the observed intensities correspond to theo- 
retical transition probabilities with a reasonable supposition as to 7. 

The situation is presented in Fig. 1. In Fig. la, the relative transition 
probabilities are plotted as ordinates against various assumed values of 7. 
The points are the values obtained from the experimental data. The points 
are joined by vertical lines with the theoretical values with which they 
should agree. It will be seen that the order of increasing transition proba- 
bilities obtained theoretically agrees with experiment for all values of T in the 
range considered. The experimental values have been multiplied by a factor 
to make their sum equal to the sum of the theoretical values. 

In Fig. 1b, the relative transition probabilities of different multiplet 
transitions associated with each triad are compared with their theoretical 
ratios. Here the experimental values are multiplied by a factor to make the 
middle component of each triad agree with the theoretical values. The agree- 
ment is quite good for 7 = 10,000°K. 

In Fig. 1c, the ratio of the total transition probability for the two triads, 
as inferred from the measured intensities for several assumed values of 7’, is 
compared with the theoretical value which is 7/3. This ratio is more sensi- 
tive to the assumed temperature of the arc than the relative transition 
probabilities within each triad because the two triads are separated by about 
5700 wave numbers, whereas adjacent multiplets within a triad are separated 
by at most 2000 wave numbers. Fig. 1c shows that at 10,000°K the triad 
with the lower initial state is almost twice as strong as it should be. This 
probably indicates a departure from the assumed equilibrium distribution in 
the arc. Also the two limit terms d*b'F’ and d’a‘P’ in Ti II lie exceptionally 


13H. N. Russell, Proc. Nat. Acad. Sci. 11, 322 (1925). 
4G. R. Harrison and M. H. Johnson, Jr., Phys. Rev. 38, 757 (1931). 
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close to other limit terms of the same species coming from d’s, so that the 
possibility of perturbation is by no means to be excluded. 

For each multiplet involved in these transitions, the wave number 
separation of the term with the highest J value from the term in Ti I with 
lowest energy, d’s°a’ F,’, is given in Fig. 1d. 

It is a pleasure to thank Professor E. Wigner for his constant assistance 
throughout these calculations, and Professor H. N. Russell and Professor E. 
U. Condon for their many helpful suggestions. 
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Fig. 1. Relative multiplet transition probabilities and term values. The horizontal lines 
in Figs. 1a, 1b and 1c represent the theoretical values. The circles are the experimental points, 
each point being joined by a vertical line to the theoretical value with which it should agree. 
In Fig. 1a, the experimental values for each temperature have been multiplied by a factor to 
make their sum agree with the sum of the theoretical values. In Fig. 1b, the experimental values 
for each triad transition have been multiplied by a factor to make the central multiplet transi- 
tion probability agree with the theoretical value. The points in Fig. 1c are the ratio of the sum 
of the three upper points in Fig. 1a, belonging to the triad transitions with a*F’ as the lower 
multiplet, to the sum of the three lower points belonging to the triad transitions with a5P’ as 
the lower multiplet. Figure 1d gives the wave number separation of the term with the highest 
J value from the term d?s*a* F,’ in Ti I with the lowest energy, for each quintet involved in the 
transitions of Figs. la, 1b and Ic. 
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Photoelectric Currents in Gases between Parallel Plates as a 
Function of the Potential Difference 





By Norris E. BRADBURY 





Physical Laboratory, University of California 


(Received May 3, 1932) 





If one of two parallel plate electrodes in a gas emits photoelectrons, the current 
received at the collecting electrode is a function of the potential difference, the gas 
pressure, the initial velocity of the photoelectrons, and the mobility of the carrier. In 
the experiments reported here, a quartz mercury arc and a plane zinc electrode were 
used as the source of photoelectrons. Current: potential-difference curves were obtained 
for different gas pressures in hydrogen and nitrogen, and the ratio of the current, 7, to 
the saturation current, J) ,obtained in each case. A theoretical equation of J. J. Thom- 
son gives the relation 
1((67)*kX 

Pe ves 
C+(6r) kX 
where _Y is the field strength; &, the mobility of the carrier; and C, its random velocity. 
The validity of this equation is established by the experimental data which permit the 
values of the electron mobility & to be determined as a function of XY, p. Values so ob- 
tained agree well with those obtained by Loeb and by Townsend and Bailey. An equa- 
tion recently given by Langmuir (Phys. Rev. 38, 1656 (1931)) is shown to be applica- 
ble only at low pressures where it yields a satisfactory value of the mean free path of 
the electron. 


INTRODUCTION 


k ONE of two parallel plate electrodes in a gas emits photoelectrons, the 
current which will be received at the positive collecting electrode varies 
with the potential across the plates and the pressure of the gas. This phe- 
nomenon has been investigated by several observers.'** It was treated the- 
oretically by J. J. Thomson’ in 1906 who proposed the equation 
_ Io(6m)"/*7kX 


c+(67)! 2RN 





in which & is the mobility of the carrier; X the field strength at which the cur- 
rent 7 is measured; c, the random velocity of the electrons; and J» the satura- 
tion current. Prior to 1926, however, no satisfactory comparison between 
theory and experiment had been made. In 1926 in this laboratory, Woolsey, 
in an unpublished thesis, attempted to verify this equation taking into ac- 
count the electron mobility. He measured the current which passed between 


1 Stoletow, Journal de Physique 9, 468 (1890). 

2 Schweidler, Comptes Rendus 127, 224 (1898). 

* Lenard, Ann. d. Physik 2, 359 (1900). 

4 Varley, Phil. Trans. A202, 439 (1904). 

5 J. J. Thomson, Cond. Elec. through Gases (Cambridge University Press, Cambridge, 
1928) p. 466. 
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two parallel plates at various potential differences and for different gas pres- 
sures, when one of the plates, of speculum metal, was illuminated with ultra- 
violet light. He was unable to determine accurately the saturation current; 
the exact interpretation to be placed upon the meaning of c was not clear; and 
the experiments were not conclusive. 

In a recent article, Langmuir® proposed an equation of the form 


i= 4] odo, 3a 


in which @ is a function of the potential across the plates and the initial 
energy with which the photoelectron is liberated; \ is the mean free path of 
the electron in the gas; and a is the distance between the plates. Since this 
equation predicted a ratio of i/J, of a somewhat different order than that 
found by Woolsey, it seemed of interest to carry out the experiments with 
greater accuracy to determine the applicability of the above equations. Con- 
sequent to the refocussing of attention on this problem by Langmuir the 
meaning to be attached to c in Thomson's equation was clarified by Professor 
L. B. Loeb who put the equation into a suitable form for verification. The 
experiments in consequence were carried out under improved conditions and 
have led to the results reported here. 


APPARATUS AND PROCEDURE 


The essential features of the apparatus are shown in Fig. 1. A quartz mer- 
cury arc was used as a source of ultraviolet radiation. The light from the are 
was focused on the plate by means of quartz lenses and passed through a 
plane quartz window sealed to the chamber by a Pyrex-quartz graded seal. 
The plates and supports were entirely of zinc save for the tungsten-Pyrex 
leads. The upper plate was surrounded by a grounded guard ring and equipo- 
tential vanes were inserted midway between the plates to maintain a uniform 
field. The upper collecting plate, to which was connected the electrometer 
system, thus received only electrons which had traveled in a uniform field. 
The area of the collecting plate was 20.9 cm and the plates were 3.00 cm apart. 
They were kept parallel during the glass blowing by an accurate spacing 
block. 

Potentials were applied to the lower plate by means of a bank of storage 
cells. The equipotential vanes were connected to the midpoint of a 100,000 
ohm resistance inserted between the lower plate and ground. Field strengths 
as high as 300 volts/cm could be employed. 

Hydrogen and nitrogen were chosen as the gases to be studied as they do 
not attach electrons when adequately purified. The purification was carried 
out in the manner previously described for the mobility experiments in pure 
gases. The chamber could be evacuated to better than 10-° mm for deter- 
mining the saturation current and before filling with purified gas. 

The procedure in the experiments was carried out as follows. After the 
polished and cleaned zinc plates had been allowed to come into equilibrium 
with the gas to be studied, the chamber was pumped out and the saturation 


® Langmuir, Phys. Rev. 38, 1656 (1931). 
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current determined. The chamber was then filled to the desired pressure with 
pure gas, and the current: potential-difference curve taken for the range of 
potentials between zero and as high as conditions permitted. The chamber 
was then re-evacuated and the saturation current again determined. The 
agreement of this value with the one taken at the beginning of the experiment 
was considered sufficient evidence that the photoelectric effect had not varied 
during the course of the measurement. 


> To Electrometer 






Quartz 
Window 








—» Accelerating Fotential 


Fig. 1. Diagram of chamber showing plane parallel zinc electrodes. 


EXPERIMENTAL RESULTS 
A series of curves for hydrogen at different pressures is shown in Figs. 2 
and 3. Curve A was taken with the highest attainable vacuum. The lack of 
saturation at the lower values of V is due to the finite size of the collecting 
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Fig. 2. Saturation current in vacuum and at 3.0 cm Hy». The current is in arbitrary 
units and the potentials in volts. 


electrode and the random direction of emission of the photoelectrons from the 
cathode. Curve B is that obtained for hydrogen at 3 cm and C for hydrogen 
at 9.5 cm. Curves D, E, are for 33 and 67 cm hydrogen respectively. Fig. 4 
shows curves for hydrogen at 1 mm pressure and at 2 mm pressure. Curves 
were also taken in nitrogen at 33 cm and 67 cm pressure. Their appearance is 
not greatly different from those reproduced here. 
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PHOTOELECTRIC CURRENTS IN GASES 


THEORETICAL 


The theoretical equation developed by J. J. Thomson is of the utmost 
simplicity. As the electrons are ejected from the cathode by the incident light, 
they collide with the gas molecules above the plate. A certain number diffuse 
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Fig. 3. Current:potential-difference curves for various pressures of hydrogen. 


back to the plate in consequence and contribute nothing to the current 
through the gas. The resultant current is, then, that due to the total charge 
given off by the cathode, minus the amount returned to it by diffusion. The 
number of electrons which strike unit area of the plate in unit time is given by 
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Fig. 4. Current:potential-difference curves at low pressures of hydrogen. 


the expression nc/(67)? where c is the root mean square velocity of transla- 
tion of the electrons and their density. Similarly the current will be given by 


i = nekX (1) 
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where k is the mobility and X the field strength. If the total number of elec- 
trons given off by the cathode be 7, then we can write 


noe = cne/(6r)''* + nekX = Ip (2) 


Eliminating » from (1) and (2) we may write 


To(6m)'/*kNX 


C+ (67r)'/PRNX 


where 7 and J) represent the current at a field strength Y and the saturation 
current respectively. We are now faced with the proper evaluation of c. Here- 
tofore this has been considered to be either the velocity of thermal agitation 
of electrons in equilibrium with the gas, or the energy as deduced from field 
strength and mobility considerations. It is obvious, however, that the greater 
part of the diffusion process is going to occur in the immediate vicinity of the 
plate before the electrons have reached thermal and field equilibrium. While 
they are then in the vicinity of the plate, they possess, owing to the small 
inelasticity of their impacts with gas molecules, most of the initial energy 
with which they were ejected. It is this energy that determines the number of 
collisions made and, hence, the extent of the diffusion back to the electrode. 
Accordingly, it seems reasonable to assign to ¢ the most probable velocity with 
which the electrons leave the plate. This initial energy can be easily calculated 
from the wave-length of the incident light and the work function of the metal. 
The latter constant is a source of uncertainty inasmuch as it varies quite ap- 
preciably with the condition of the surface. In these experiments it was not 
possible to measure the work function. Accordingly the value was taken to be 
3.57 volts, as given in a table by Hughes and DuBridge.’? The conditions of 
the experiments were such that the 2536 line of mercury was the only excit- 
ing radiation of importance. This, with the work function given, leads to a 
value of 1.29 volts for the maximum energy of emission. Since it has been 
shown$ that the most probable velocity is approximately 0.6 that corresponding 
to maximum energy, the value of c has been chosen as 


c= 0.6 KX 1.29 K 5.94 & 107 cm/sec. 
4.58 X 107 cm/sec. 


With this value of c, the equation of Thomson may be put into the form 


To c 4.58 & 10° 


i (67)!/*koX p/760 (67)! *koX p/ 760 
from which it is possible to calculate the values of ky from the data given in 
Fig. 2 and 3. The values of ko so obtained are plotted against Y /p and the re- 
sults shown in Fig. 5. Similar calculations carried out for nitrogen are shown 
in Fig. 6. The trend of the curves is exactly that obtained by Loeb® and the 
7 Hughes and DuBridge, Photoelectricity (McGraw Hill, N. Y., 1932) p. 76. 


§ Lukirsky and Prilezaev, Zeits. f. Physik 49, 236 (1928). 
® L. B. Loeb, Kinetic Theory of Gases (McGraw-Hill, N. Y., 1927). p. 504. 
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absolute values differ less than might be expected from the uncertain value 
employed for the work function of the zinc electrode. An increase of 0.3 volt 
in the work function would bring them into almost exact agreement. In the 
case of hydrogen the measurements at low pressures enabled ky to be found 
for values of XY pas great as 20. At this point the value of ky was found to be 
845 cm ‘sec per volt’ cm. Townsend and Bailey’ have studied ko for values 
of XY pas high as 0.85 where they found a value of ky of approximately 1600. 
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Fig. 5. Electron mobility in hydrogen as a function of X /p. The circles are values com- 
puted from data taken in hydrogen at 33.3 cm pressure; the crosses at 9.5 cm pressure; and the 
remaining points at 67.3 cm pressure. 


As far as is known, the present measurements are the only ones that have 
been attempted at such high values of X /p. While, owing to the approximate 
nature of the calculations involving an average energy of emission and a 
doubtful value of the work function, too much confidence cannot be placed 
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Fig. 6. Electron mobility in nitrogen as a function of Y /p. The circles are values com- 
puted from data taken at 68 cm, and the crosses data taken at 33 cm. 


on this procedure as a method of accurately determining electron mobilities, 
the method is useful in giving orientating data in this field. In any case, it is 
clear that the Thomson equation adequately accounts for the facts within 
the limitations of the calculations. 

One may now turn to a test of the equation recently proposed by Lang- 
muir. The derivation of this relation is based on a well-known diffusion equa- 
tion of electrons in an electric field proposed by G. Hertz." Substantially the 


10 Townsend and Bailey, Proc. Roy. Soc. A87, 357 (1912). 
1G, Hertz, Zeits. f. Physik 32, 298 (1925). 


























986 NORRIS E. BRADBURY 
derivation is carried out on the same principles as the Thomson equation, 
i.e., to consider the number of electrons lost from the initial saturation current 
by diffusion back to the emitting electrode. The form of the equation which 
applies to parallel plate electrodes is given by 
4 In V 1 


3 a Vo log [(V + Vo)/Vo] 











































where V is the potential across the plates and V» the energy with which the 
electron is ejected from the cathode, and the other symbols have been de- 
fined above. The function @ has been replaced by its definition in terms of V 
and V> in this equation. 

In deducing this relation, however, a natural assumption is made which 
is barely applicable at a pressure of 1 mm in hydrogen and certainly not ap- 
plicable at greater pressures. It is assumed that an electron starting out with 
an energy Vo and going through a potential field to a point of potential V 
will have its kinetic energy expressable by 


smo? = (Vot+ Ve. 


This is correct provided the electron does not lose energy in its impact with 
gas molecules. Compton and Benade™ have shown that even in He, an elec- 
tron loses a fraction f of its energy in collision with a gas molecule where f 
is approximately equal to 2m/1/; and more recently Harries“ has shown that 
even greater losses can occur in CO and Ne. Therefore, if the Compton 
theory of electron behavior in gases is correct, the electron continually loses 
energy to the gas molecules as it gains it from the field between mean free 
paths, and eventually reaches a steady state where it possesses its terminal 
energy. To gain an idea of the error introduced by neglecting this loss of 
energy in the case of hydrogen, it is easy to calculate the energy of an electron 
after it has gone a distance of 1 cm in He gas in a field of unit gradient. The 
results are shown in Table I. The assumption that the electron gains the 














TABLE I. 
p (mm) x Distance Energy (volts) 
1 1 1 0.94 
2 1 1 0.804 
30 1 1 0.075 








entire energy of the field through which it has passed would lead to a value 
of the energy of one volt in each case. It is thus seen that such an assumption 
is barely sufficient at pressures of 1 mm and fails very badly at higher pres- 
sures. Accordingly we would not expect the Langmuir theory to be applicable 
in the region to which we have successfully applied the Thomson equation. 


12 Compton and Benade, Phys. Rev. 9, 187 (1918). 


13 Harries, Zeits. f. Physik 42, 26 (1927). 
44 Compton, Phys. Rev. 22, 333 (1923). 
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We should, however, expect it to apply with fair accuracy to the data taken at 
1 and 2 mm pressure. Computation of the experimental results given above 
in Figs. 2, 3, and 4 on this basis lead to the results given in Table II. The 


TABLE II. Computed values of mean free path. 





Pressure Io t V Mean free path 

1 0.91 0.145 6 1.7610 
1 0.91 0.23 12 1.80 
1 0.91 0.50 60 By 
2 0.91 0.10 6 2.44 
2 0.91 0.16 12 2.50 
2 0.91 0.39 60 1.77 

30 0.96 0.14 60 9.4 

95 2.15 0.22 60 20.8 

330 7.45 0.42 60 41.0 





| 
| 


kinetic theory mean free path for Hz to which the values given above should 
correspond (the value of \ determined from Langmuir’s equation having been 
reduced to 760 mm and multiplied by 4(2)'”"), is variously given, but 1.8 K 10~° 
cm is an average value. It is seen that at low pressures and voltages, the 
Langmuir equation gives excellent agreement—probably better than the 
data warrant. At higher pressures, where the assumptions of his derivation 
do not apply, we find the expected deviation. It might be noted that in 
Langmuir’s equation there is a fortuitous escape from the dangers of the as- 
sumption that }mv?=(V+Vo)e. This happens because of the fact that in the 
final equation, V appears in the equation independently of this assumption, 
V, is a true representation of the electron energy where most of the diffusion 
to the electrode is taking place; and as a result, only the function log [(Vo 
+V)/Vo]| neglects the loss of energy to gas molecules. In consequence, the 
deviation in \ above computed at higher pressures is much less than might 
be expected from Table I. An attempt was made to carry through an analo- 
gous derivation employing the Compton equations for the rate of energy 
gain as the electron moves through the gas. The resulting equation, however, 
was a complicated function of X/p and \ and was totally unsuited to ex- 
perimental comparison. It is not reproduced here in view of the fact that the 
Thomson equation satisfactorily accounts for the observed phenomena. 

In conclusion, it is desired to extend sincere thanks to Professor L. B. 
Loeb for his continual interest and inspiring suggestions during the course of 
these and previous experiments. 
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Investigations in the Field of the Ultra-short Electromagnetic 
Waves III. Electronic Oscillations in Vacuum Tubes and the 
Causes of the Generation of the Dwarf Waves 


By G. PoTarENKo* 


Norman Bridge Laboratory of Physics, California Institute of Technology 
(Received April 12, 1932) 


The purpose of this paper is the elucidation of the causes of the generation of the 
dwarf waves i.e., of waves with frequencies exceeding many times the frequency of 
the oscillations of the electrons about the grid of the tube. The existing theories of the 
generation of ultra-short waves cannot give a satisfactory explanation of the origin of 
dwarf waves of different orders. This is due to the simplifying assumptions made by 
the theories in the conditions of the problem. The phenomena of generation of ultra- 
short waves are closely connected with the motion of electrons. Therefore, in order to 
obtain the explanation in question an investigation was made of the motion of the 
electrons in tubes generating ultra-short waves. The motion of the electrons was in- 
vestigated graphically by means of special diagrams which simultaneously repre- 
sented the trajectories of the electrons and the alternating potentials at the electrodes 
of the tube. In this manner it was shown that the reason a vacuum tube can generate 
dwarf waves is because the tube can transmit energy into the oscillating circuit 
coupled with it and transmit it periodically with a period equal to the natural period 
of the circuit not only when this period T is equal to the period of the electronic 
oscillations t (normal waves), but also when T=7/2, T=7/3, T=7/4,--++ (dwarf 
waves). This property of the tube depends on the fact that in all the cases described a 
periodic division of the electrons into two groups is possible. According to the theory 
of E. Gill and J. Morrell this division determines the transmission of energy into the 
oscillating circuit. The above property of the tube means also that the dynamic re- 
sistance of the tube is negative under these conditions. The diagrams of the trajec- 
tories and the velocities of the electrons, constructed on the basis of the computations 
of G. Kreutzer, confirmed the above deductions. 


$1. INTRODUCTION 


N THE two preceding papers! we described some of the results of the 

investigations of the generation of ultra-short waves by vacuum tubes on 
the grid of which is impressed a high positive potential with respect to 
the filament and the plate. In this case, as we know, the electrons issuing from 
the filament can oscillate about the grid of the tube as a position of equilib- 
rium. The period of oscillation and the corresponding wave-length \ can be 
determined from Barkausen’s approximate formula: 


NE, = du? X 108 (1) 
where d, is the diameter of the plate of the tube (in cm) and £, is the positive 
grid potential (in volts). 


* Carnegie Fellow. 
1G. Potapenko, Phys. Rev. 39, 625,638 (1932). These articles will be referred to as I and II 
respectively. 
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We have shown that in reality, together with the waves of a length ap- 
proximately corresponding to the Barkhausen’s formula (normal waves), the 
vacuum tubes can also generate waves whose length is approximately 2, 3, 
4, - +--+, times shorter than that given by this formula (dwarf waves). Further- 
more, investigations have shown that all of these waves belong to the same 
type of G\/-oscillations, i.e., they are oscillations of the oscillating circuits 
connected with the tube. Hence, it follows, that these circuits are excited in 
such a manner that during one period of electronic oscillations or, in other 
words, during the time 7 the electrons take to pass from the filament to the 
plate and back, the circuits execute two complete oscillations (dwarf waves 
of the 1st order), three complete oscillations (dwarf waves of the 2nd order), 
etc. 

We have not yet explained why dwarf waves can be generated by vacuum 
tubes. In other words, we did not explain why it is that in oscillating circuits 
connected with the tube oscillations can be maintained having integral rela- 
tions between the period of the circuit and the period of electronic oscillations. 
This is one of the fundamental questions. In the present paper we shall at- 
tempt to answer it. 


$2. ON THE THEORIES OF GENERATION OF ULTRA-SHORT WAVES 

Several papers can be mentioned where attempts were made theoretically 
to solve the problem as to what should be the relations between the period of 
the oscillating circuit 7 and the time 7 of the passage of the electrons in order 
that the vacuum tube be capable of generating oscillations. 

E. Gill and J. Morrell? were the first to attempt to give an energetic 
theory of the generation of ultra-short waves. They showed that the tube 
can give energy to the circuit and, consequently, maintain its oscillations at 
different relations between the period 7 and the time of passage tr. Among 
others they made the following two fundamental assumptions: (1) the 
electrons which had already passed the grid and are moving back toward the 
filament are completely detained by the grid and (2) all the electrons have 
the same speed when they are moving across the grid. It is easily seen that 
the first assumption confines the problem to the case of oscillations generated 
by tubes with very closely wound grids when electrons can actually have such 
trajections, as it was shown by H. Hollmann.* The second assumption is 
generally incorrect,‘ if only because it contains an assumption of the absence 
of an alternating field between the grid and the filament. Because of these 
two assumptions the results obtained by E. Gill and J. Morrell can be con- 
sidered only as an indication of a theoretical possibility of oscillations at 
7 #r. Unfortunately, it is not possible to make any numerical comparisons of 
these results with the results of our experiments. O. Pfetscher' made the 
same assumption of the equality of speeds of electrons passing across the grid. 
His theory showed two relations between the period of oscillations 7’ and the 


2 E. W. Gill and J. H. Morrell, Phil. Mag. 44, 161-178 (1922). 
3H. E. Hollmann, Ann. d. Physik 86, 129-188 (1928). 

4 See also E. W. Gill, Phil. Mag. 12, 843-853 (1931). 

® QO. Pfetscher, Phys. Zeits. 29, 449-478 (1928). 
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time 7T,. the electrons take to pass from the grid to the plate. One of them 
corresponds to the condition 7°=2.947,,, the other, with a lower energy of 
oscillations, corresponds to the condition 77=7,4. The first condition cor- 
responds rather closely to normal waves, since T~37,. for the usual type of 
tubes. The second condition must in this case correspond to dwarf waves of 
the 2nd order, as it can be seen that the ratio of the wave-lengths of these two 
oscillations is equal to 2.94. O. Pfetscher’s theory gives thus an indication 
of the possibility of dwarf waves of the 2nd order. The theory differs, how- 
ever, from the results of experiments in so far as dwarf waves of the Ist, and 
3rd orders are concerned. To these waves must correspond the conditions 
T~1.57,, and T7~0.737,., when the generation of waves is impossible ac- 
cording to this theory. 

J. Sahanck® gave also a theory of the generation of ultra-short waves, 
based on calculations of energy. According to his theory, oscillations can be 
maintained only when there exists one of the following three relationships 
between the period of oscillations 7 and the time of passage of electrons r. In 
our usual notation’ these relationships are: 


1.357 = T = 0.507 
0.347 = T = 0.257 (2) 
0.207 = T = 0.165r. 


The middle points of these regions correspond to the conditions: 7 =0.925r, 
7 =0.295r and 7=0.183r. The first of these relationships is near to that 
which must exist in the case of normal waves. The second relationship is 
near to the one existing in the case of dwarf waves of the 2nd order. Passing 
now to the wave-lengths and dividing the first equality by the second we get 
Ae =Ao/3.14, which is really close to the expression for dwarf waves of the 
second order, which we had mentioned previously (II, Eq. 3). The third rela- 
tion is close to the one which must exist for the case of dwarf waves of the 4th 
order. Passing now to wave-lengths* and dividing the third expression by 
the first we get A\4=Ao/5.05, which is also close to the relationship which we 
found for the case of dwarf waves of the 4th order. Thus, J. Sahanck’s theory 
permits us to expect dwarf waves of the first two even orders. It differs from 
the results of experiments, as far as the dwarf waves of odd orders are con- 
cerned. The results of our previous paper show that these waves are no less 
intensive than the others, while from the relationships (2) it is seen that the 
conditions 7 =0.57 (dwarf waves of the 1st order), 7 =0.257r (dwarf waves of 
the 3rd order) and 7 =0.1657 (dwarf waves of the 5th order) correspond to 
the boundaries of the possible regions of oscillations. Therefore, according to 
A. Sahanck’s theory under these conditions there should be no waves of any 

6 J. Sahdnck, Phys. Zeits. 26, 368-376 (1925); 29, 640-654 (1928); Zeits. f. Hochfreqn. 
38, 78-80 (1931). 

7 Sahdnck uses the time of passage of electrons in one direction. We take the time of pas- 
sage of electrons from the filament to the plate and back to the filament, which corresponds to 
the complete period of oscillation of electrons about the grid. 


§ In passing to wave-lengths we denote, as we usually did, cT =X for the case of normal 
waves and cT =): and cT =), for the case of dwarf waves of the 2nd and 4th orders. 
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appreciable intensity. However, these waves are not entirely “prohibited,” 
as it is the case in the theory of O. Pfetscher. The theory of J. Sahanck differs 
still in another respect from the results of experiments. It concerns the 
dimensions of the tube. His theory shows that oscillations are possible only 
when 

2.0 < ra/t, < 5.0 (3) 


where r, and r, are the radii of the plate and the grid respectively. However, 
oscillations are observed even at such values of 7,./r, which lie outside these 
limits. For example, N. Kapzov® observed oscillations with a tube for which 
ra/¥g=1.75 and A. Scheibe® obtained oscillations with a tube for which 
ra/’g=5.81. The disagreement between the theory of A. Sahanck and the 
experimental results"! is apparently due to the fact that his formulas were 
derived for the case of a tube with two electrodes (diode), and their extension 
to the case of a tube with three electrodes is not entirely faultless. Moreover, 
the theory assumes plane electrodes in the tube and a uniform field between 
the electrodes, while the experimental results were obtained with tubes with 
cvlindrical electrodes and therefore the field between them was not uniform. 

Thus, so far, we have no theory which would enable us to compute the 
values of the relations between 7 and 1, for which oscillations can exist in 
tubes under actual experimental conditions. The lack of success of the at- 
tempts made so far can be attributed to the simplifications introduced into 
the conditions of the problem. The results of the above investigations are 
important, however, in that respect that they permit us to foresee the pos- 
sibility of the generation of waves corresponding to the condition T7<z, i.e., 
oscillations having frequencies considerably exceeding the frequencies of the 
electronic oscillations.”* 


® N. Kapzor, Zeits. f. Physik 35, 131 (1925). 

10 A, Scheibe, Ann. d. Physik 73, 79 (1924). 

1 L. Tonks, Physik Rev. 30, 501-511 (1927) in determining theoretically the conditions 
under which the so-called “negative reistance” appears in tubes, also indicates rg>2.1 as the 
condition under which oscillations can appear. He attributes the results of N. Kapzov to the 
presence of traces of mercury vapor in his tube. In evaluating the results of A. Scheibe it must 
be borne in mind that the grid of his tube had a square cross-section and the relation given above 
is equivalent. 

2 K, Schuster, Ann. d. Physik 7, 54-64 (1930), has recently investigated the problem of the 
generation of ultra-short waves from the point of view of wave mechanics. His fundamental 
ideas are as follows. High potential gradients exist at the surface of the electrodes. Therefore, 
the de Broglie waves, corresponding to the oscillating electrons, must be totally reflected from 
the surfaces of plate and of the filament and must form standing waves between these surfaces. 
The equation of Schriédinger gives for this case discrete energy levels. Their differences deter- 
mine the frequencies of the electromagnetic waves which, in principle, can be observed. Hence it 
follows that to any frequency of electronic oscillations must correspond a whole series of fre- 
quencies of electromagnetic waves. The theory shows that these frequencies are analogous to 
band spectra; the boundary of the “head line” of this series corresponds exactly to the period of 
electronic oscillations and the remaining bands have frequencies higher than this initial one. 
The initial conditions assumed by this theory correspond, strictly speaking, to the case of 
BK-oscillations and therefore we shall not examine them in detail. They show us, however, a 
new path toward the explanation of the origin of oscillations with frequencies higher than the 
frequency of the electronic oscillations. 
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$3. Toe Motion OF ELECTRONS IN VACUUM TUBES 


The phenomena of generation of ultra-short waves are most intimately 
connected with the motion of electrons in the tube. Therefore, a study of 
this motion is a most natural procedure in trying to find an answer to the 
question as to why dwarf waves appear in vacuum tubes. The simplest and 
the clearest way will be a graphic representation of the electronic trajectories 
by means of specially constructed diagrams. We shall discuss them now. 

We have already mentioned that all the ultra-short waves which we had 
obtained belonged to the type of G.l/-oscillations. We shall examine them. 











ieee & F f g A 
~ 
Fig. 1. Diagram of the motion of electrons in the tube; (m) the period of the generated 
oscillations T as equal to the time 7 the electrons take to pass from the filament to the plate 
and back to the filament, (n) the period of the generated oscillations T is equal to one third of 


the time r. 


The characteristic feature of G./-oscillations is their dependence on the oscil- 
lating circuit connected with the tube (II, §4). Therefore the diagrams of 
electronic motion which we have to construct must give a simultaneous repre- 
sentation both of the electronic trajectories and of the alternating potentials 
of the electrodes of the tube which characterize the oscillations of the circuit. 

Let us plot the time along the x-axis and the distances of the electrons 


* Note added to proof. A Rostagni, Atti della R. Ac. di Torino 16, 217-223 (1931), has re- 
cently given a new theory of the generation of oscillations in which he took into account the 
natural period of the space charges in the interval grid-plate of the tube. The former he de- 
termined in a manner analogous to the determination of the natural period of an ionized gas. 
This theory led him to the relationship between the periods of the normal and of the dwarf 
waves which he had obtained. 






















ULTRA-SHORT ELECTROMAGNETIC WAVES 993 


from the filament—along the y-axis. Let FG be the distance (in arbitrary 
units) from the filament to the grid and FA be the distance (in the same 
units) from the grid to the plate (Fig. 1m). Let the alternating potentials at 
the grid and the plate with respect to the filament be represented by two sinu- 
soidal curves of an arbitrary period. Since a constant difference of phase of 180° 
must exist between the oscillations of potentials at the grid and at the plate, 
these two sinusoidal curves will be mirror images of each other. It must be 
also remembered that the constant grid potential is the larger quantity and 
therefore the grid will always remain positively charged. At the same time, 
the constant plate potential is always equal to zero and therefore during 
oscillations the plate will alternately have positive and negative potentials 
(with respect to the filament). The oscillations of the potential at the fila- 
ment can be disregarded because in our generator the oscillating circuits 
were connected only to the plate and the grid. Furthermore, special chokes 
were connected in the heating circuit (see I, Fig. 1) which precluded appreci- 
able alternating potentials at the filament. 

Let us take two electrons a and b and plot their trajectories. Let us as- 
sume, moreover, that the constant grid potential E, is so selected that the 
time 7 the electrons take to pass from the filament to the plate and back to 
the filament, is equal to 7’, the natural period of the oscillating circuit, or in 
other words to the period of the alternating potentials at the grid and at the 
plate. The electron a will issue from the filament at the moment the grid po- 
tential will have its maximum value. On its path toward the grid its accelera- 
tion will also have its maximum possible value; the electron will be able to 
pass across the grid with a high velocity. On its path toward the plate the 
electron will be acted upon by a retarding field, which will be weaker than the 
accelerating field that had acted upon the electron on its path from the fila- 
ment to the grid. This will be caused by two circumstances: the grid potential 
will no longer be so high as before and the plate will have a positive potential. 
Therefore, the electron will strike the plate and impart to it its remaining 
energy. The electron 5 will issue from the filament at the moment when the 
grid potential is at its minimum. On its path toward the grid the electron b 
will have an acceleration smaller than the one the electron a had on the same 
path. Therefore, it will pass across the grid with a lower velocity. The retard- 
ing field on its path from the grid to the plate will act on the electron more 
strongly than the accelerating field on the first part of its path, because now 
the grid potential will be higher than before and the plate-potential will be 
negative. Therefore, the electron } will not reach the plate and after coming 
to rest it will start moving toward the grid, will again be able to pass across 
the grid and so forth. 


The same difference as between electrons a and — will exist between 
electrons c and d. Therefore, because of the presence of alternating potentials 
at the electrodes of the tube the electrons will be sorted out into two groups. 
One part of them will not be able to produce oscillations and coming to the 
plate will give rise to a current in the plate circuit of the generator. The other 
part will be able to oscillate and in passing from the plate to the grid will 
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reduce the current flowing through the tube. Thus, there will be a certain 
order in the motion of the electrons and the current flowing through the tube 
will oscillate. Besides these two groups there will be other electrons which 
after issuing from the filament will come to the grid and will be captured by 
it. The majority of electrons will belong to this group, as it could be seen from 
a comparison of the currents flowing through the grid circuit and the plate 
circuit of the tube. These electrons, however, do not disturb the process of 
oscillations and we shall not consider them. 

The electrons which lose their energy in coming from the filament to the 
plate and which return to the grid impart their energy to the oscillating cir- 
cuit.’ For this reason, the periodic oscillation of the current flowing through 
the tube indicates that small amounts of energy are periodically imparted 
to the oscillating circuit, the period being equal to the natural period of the 
circuit. The oscillations of the circuit will be maintained in this manner, if 
the energy received will be sufficient to cover the losses in the circuit. 

Let us assume now a three-fold decrease in the natural period of the cir- 
cuit and therefore, in the period of oscillations of the potentials of the grid 
and the plate, with which the circuit is connected. At the same time let the 
constant grid potential and therefore the time 7 of the passage of electrons 
remain unchanged. In this case instead of the condition 7 =7 we shall have 
T =1/3. This case is represented on Fig. 1”. Again, let us take two electrons 
a’ and 0’. It is easily seen that the electron a’ will be under conditions analo- 
gous to those of electron a. It will come to the plate and will strike it. The 
second electron, b’, will be analogous to the electron 6. It will not reach the 
plate, will come to rest in the vicinity of it and will start moving toward the 
grid. In other words it will be capable of oscillating about the grid. For 
similar reasons electrons c’, e’, g’,---, will be captured by the plate and 
electrons d’, f’, h’, - - - , will start moving toward the grid and will be able to 
oscillate about it. Thus a perfectly definite order in the electronic motions 
will be established in this case, i.e., when 7 =7/3. As before, part of the elec- 
trons will settle on the plate, producing plate current, and another part will 
come back from the plate to the grid, thus decreasing the current flowing 
through the tube. It is easily seen that this current through the tube will 
oscillate periodically, performing three oscillations during each period r. 
Hence, it again follows that periodically, three times during every period 7, 
energy will be imparted to the oscillating circuit connected to the tube. Due 
to this energy oscillations of the period 7/3 will be maintained in the circuit. 
Of course the resistance of the oscillating circuit should not be too great, so 
that the energy supplied could cover its losses. 

From the above, it follows that if oscillations are possible, i.e., if they can 
be maintained by the tube when 7'=7, then they are possible when 7 =7/3. 


8 See, for example, E. W. Gill and J. H. Morrell, Phil. Mag. 44, 171 (1922). A certain 
amount of energy will be taken from the oscillating circuit and transformed into heat on the 
plate by electrons, the velocity of which will increase under the influence of the alternating po- 
tentials. However, this amount of energy will be less (under definite conditions) than that 
imparted to the circuit by electrons losing their velocity. 
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Using a similar argument it can be shown that oscillations are possible when 
T=1/2, T=1/4, T=1/5 etc. This is essentially an answer to the question 
as to why dwarf waves can appear. It is easily seen that this answer can be 
formulated as follows: The reason a vacuum tube can generate dwarf waves is 
because the tube can transmit energy into the oscillating circuit connected with it 
and transmit it periodically with a period equal to the natural period of the circuit 
not only when this period T is equal to the period of the electronic oscillations tr 
(normal waves) but also when T =7/2, T=7/3, T=17/4, --- , (dwarf waves). 
It is quite evident that the energy supplied periodically can maintain oscilla- 
tions of a corresponding period. 

We considered the process of sorting out of electrons in two groups, assum- 
ing that the constant potential at the plate with respect to the filament is 
equal to zero. Even if there had been a sufficiently large negative potential 
at the plate and the electrons were quite unable to reach the plate, the pres- 
ence of alternating potentials at the electrodes would cause a division of the 
electrons into two groups. These two groups would differ in the amplitude 
of electronic oscillations and in the time 7 of passage of electrons. This case, 
as well as the one considered above, was first indicated by E. Gill and J. 
Morrell.? It was recently examined by H. Miller“ under the name of “sorting 
out by phases” (“Phasen Aussortierung”). It approaches very closely the 
scheme of oscillations, which was proposed by F. Harms." 

The division of electrons into two groups permits us to explain why oscil- 
lations can be observed at all in circuits connected with the tube. The mere 
presence of electronic oscillations cannot explain this fact. If the oscillations 
of electrons about the grid were disorderly, no oscillations or waves could, 
evidently, be observed outside the tube. If oscillations are observed, it 
means that the electronic oscillations about the grid are in some way regu- 
lated. From the above, we see that this regulation has a perfectly definite 
sense. When speaking of electronic oscillations it must be borne in mind that 
only an observer watching the separate groups of electrons would be able to 
observe the presence of such groups which actually oscillate periodically 
about the grid and are periodically replenished by an influx of new electrons 
(b, d,---, etc., see Fig. 1m). At the same time, an observer watching what 
takes place at some given point between the electrodes of the tube, would 
have at any given moment electrons moving at different velocities from the 
filament to the plate and from the plate to the filament. Such an observer 
could easily call this motion disorganized (especially in the case of dwarf 
waves) and the only periodic process which he would observe would be the 
oscillation of the density of current flowing through the tube. 


$4. 


The oscillation of the density of the current flowing through the tube and 
the process of transmission of energy into the oscillating circuit could formally 
be ascribed to the presence of the so-called “negative resistance” between the 


4H. Miller, Elektr. Nachr. Techn. 7, 293-306 (1930). 
1 F, Harms, Verh. d. Deutsch. phys. mediz. Ges. 51, 136-144 (1926). 
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electrodes of the tube. This idea was first expressed by V. Pagliarulo." It is 
also consistently carried out in the works of Kk. Kohl." 

The concept of negative resistance is generally used in the radio engineer- 
ing. It is applied in the cases of the presence of the so-called “falling char- 
acteristic” (for example, in the case of arc, dynatron, negatron, etc.). The 







concept of a negative resistance receives a different interpretation when 
applied to the description of the phenomena of the generation of ultra-short 
waves. In the first place, the presence in an oscillating circuit of a negative 
resistance, as it is usually understood, permits to obtain in this circuit oscilla- 
tions corresponding to its natural frequency and within wide limits inde- 

































pendently of what this frequency may be. On the other hand, in the case of 
ultra-skort waves the vacuum tube can maintain oscillations only when there 
exists a very definite relation between the period of these oscillations and the 
time of passage of electrons. This distinction is very essential. Evidently, it 
is caused by the fact that in the region of ultra-short waves the periods of the 
generated oscillations are of the order of magnitude of the time of electronic 
passage. On the other hand, in schemes similar to the one with which we were 
obtaining ultra-short waves, the vacuum tube has no falling characteristic. 
Therefore, the term negative resistance must in our case be used only in the 
sense of a dynamic negative resistance. A. Sahanck,* as far as we know, was 
the first one to indicate the possibility of the existence of such a resistance, 
in other words, the possibility of a transition of the usual static characteristic 
into a falling dynamic characteristic. L. Tonks’ and O. Pfetscher® gave a de- 
tailed theoretical investigation of the conditions under which the resistance 
of the tube may become negative. 

Applying the concept of negative resistance to our results we can say that 
a vacuum tube has the character of a dynamic negative resistance if the period of 
the oscillating circuit connected with it and the time the electrons take to pass 
from the filament to the plate and back to the filament, satisfy approximately the 
conditions T =r, 7 =7/2, T=7/3,---, When we explain the phenomena of 
generation of ultra-short waves from the point of view of electronic processes 
we give a physically correct explanation as to why under precisely these con- 
ditions the resistance of the tube becomes negative. 


>. 


Sx 


The above considered scheme of electronic motions is, of course, merely 
an illustration of the fundamental idea which explains the causes of the ex- 
perimentally observed fact of the generation of ultra-short waves with differ- 
ent relations between 7’ and r. For example, this scheme does not make it 
clear whether the electrons, issuing at the time the grid potential is at its 
maximum (electrons b, d, b’, d’, etc.,) will have the maximum velocity, or 
whether it will be the electrons which issue from the filament a little before 
that moment. The same can be said, of course, of the electrons having the 


6 V. Pagliarulo, Phys. Rev. 23, 300 (1924). 
7K. Kohl, Ann. d. Physik 85, 1-62 (1928); Erg. d. ex. Naturwiss. 9, 324 (1930). 
18]. Tonks, Phys. Rev. 30, 501-511 (1927). 
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lowest velocity. Our scheme gives no indications as to how great will be the 
number of electrons which can oscillate about the grid as compared with the 
number of electrons which fall on the plate. Finally, it is not clear whether 
only those oscillations are possible for which 7’<7 or also those for which 
7 >r. The answer to these questions must be given by the theory. 

To obtain a more exact picture of the motion of the electrons we must con- 
struct more accurate diagrams capable of presenting in some definite units 
both the trajectories and the speeds of electrons for different working condi- 
tions of the tube. These diagrams can be constructed if we determine the 
trajectories and the speeds of the electrons from their equations of motion. 
We can make use of the results of computations made at our suggestion by 
G. Kreutzer in 1929. 

All the vacuum tubes with which we succeeded in obtaining ultra-short 
waves had cylindrical electrodes, symmetrically arranged (I, §5). The equa- 
tions of motion of the electrons will take into account this fact. Let r;, r, 
and r, be the radii of the filament, grid and plate respectively. The constant 
potentials of the filament and the plate will be assumed equal to zero. Let E, 
be the constant positive potential of the grid with respect to the filament. In 
the presence of oscillations alternating potentials must appear on the grid 
and the plate. Let Zo be their amplitude. Since a constant phase difference of 
180° must exist between these two potentials, the actual potentials of the 
grid and the plate will be 


[E,|) = E, + Eysinwt [E,| = — Eo sin wt (4) 


where w is the angular frequency of oscillations. According to what we said 
before, we neglect here the alternating potentials at the filament. 

The field between the electrodes of the tube will be logarithmic and the 
equations of motion of the electrons can be written as follows :% 








d*r _ 1+ asinat : ’ ; 
a = K, — (for the interval filament-grid) 
dt? r 

(S) 
d*r _14+8sinet : ; 
— = — K,———-——__§ (for the interval grid-plate) 
dt? r 

where 
eE,/m . eE,/m Ey 2Eo 





— — = —_ meniaiiichsabibennd a= A =e 


= — 2=- ¥ 
In(r,/17) In(ra/Tq) E, E, 


- 


and r is the distance of the electron from the filament. In deriving these 
equations neither the space charge nor the initial velocity of electrons issuing 
from the filament were taken into account. 

It is easily seen that the above equations have two groups of parameters. 
Some of them —v;, 7,, ra—are given by the dimensions of the tube; others 
—w, E,, Eo—can be selected quite arbitrarily. Also, the frequency w corre- 
sponds to the natural period 7 of the oscillating circuit coupled with the tube; 


19 N. Kapzov, Zeits. f. Physik 49, 395-427 (1928). 
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FE, determines the period 7 of electronic oscillations and the number of elec- 
trons falling on the plate depends on Eo. Eo can be selected in agreement with 
the experimental data. As to the selection of w and E,, we shall distinguish 
several cases, depending on the resulting relations between 7 and tr: 7 =r 
(normal waves) and 7 =7/2, T=7/3, T=7/4, - -- , (dwarf waves). 

The equations of motion of the type written above cannot be integrated 
in known functions. When expanded they give very slowly converging 
series.” Therefore, numerical or graphical integration is the only method of 
solving them. 

(a). Normal waves, 7'=r. For this case, the numerical integration of the 
equations was performed by N. Kapzov.'’® His results show that those elec- 
trons do not reach the plate which issue from the filament at moments cor- 
responding to the phases of oscillation of the grid potential within the limits 
from —80° to +60°. Here the phase 0° corresponds to the beginning of the 
positive half period of oscillation. The electrons which correspond to the 
phase — 80° have a minimum velocity in passing across the grid; the electrons 
which correspond to the phase +80° have in this case a maximum velocity 
and fall on the plate.2! Computations have also shown that electrons cor- 
responding to the phases —70° and +70° do not fall upon the filament on 
their motion toward it and can, therefore, perform several oscillations about 
the grid. 

Fk. Sears” has recently performed a graphic integration of equations 
(5) by means of an integraph. His results are in agreement with those of N. 
Kapzov. 

(b). Dwarf waves; T=7/2, T=17/3, T=17/4, T=1/5. These cases are of 
particular interest to us. At our suggestion G. Kreutzer performed the 
integration of Eq. (5) for all of these cases,** using the method of Runge- 
Kutta.** This work is very fatiguing and demands a great deal of attention. 
It was assumed that: 7;=0.006 cm, r,=0.31 cm, 7r,.=0.8 cm, E,=100 v, 
Eo=10v. N. Kapzov and later F. Sears used the same conditions. Therefore, 
all of these results are easily comparable. The time of passage of electrons 
under these conditions was ca!culated from the formula of A. Scheibe!® 
which takes into account the cylindrical shape of the electrodes and is more 
accurate than formula (1). This time of passage was found to be equal to 
0.507107 sec. 7, the period of oscillations was, therefore, taken as being 
equal to 3, 3,:-:-, of this magnitude. Computations were made in such a 
manner that for each of the cases indicated above the trajectories and the 
velocities of the electrons issuing from the filament were successively deter- 
mined for different moments of time. For dwarf waves of odd orders computa- 
tions were made for moments corresponding to the phases 0°, 90°, 180°, 270° 


2” S. Zilitinkewitsch, Arch. f. Electrotech. 15, 470-484 (1926). 

21 Compare Fig. 1m, electrons a and b. No computations were made by N. Kapzov for 
electrons corresponding to the phases —90° and +90°. 

2 F. Sears, Journ. Franklin. Inst. 209, 459-472 (1930). 

*3 See preliminary report: G. Potapenko, Zeits. f. Physik 10, 542-548 (1929), 

*4 See C. Runge und H. Kénig, “Numerisches Rechnen,” pp. 286, 311 (1921) 
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and for dwarf waves of even orders computations were made only for 0° and 
180°. The latter was done to shorten the computations as it was found that 
these two electrons represented the two groups in which we were interested. 
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Fig. 2. Trajectories and velocities of the electrons for the case T=r/2. 
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Fig. 3. Trajectories and velocities of the electrons for the case T=r/3. 





The results of computations are given in Figs. 2-5. The continuous lines rep- 
resent the paths of the electrons and the dotted lines—their velocities. 
Figs. 2-5 show that in all cases without exception there actually exists a 
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division of electrons into two groups; some of them reach the plate and fall 
on it, others lose their velocity before reaching the plate and start moving 
back toward the plate. This fully confirms the scheme of electronic motions, 
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Fig. 5. Trajectories and velocities of the electrons for the case 7 =7/5. 


given above, and thus fully confirms our basic idea as to the causes of the 
origin of dwarf waves. 

The diagrams show also that the group of electrons moving from the 
plate toward the filament corresponds in different cases to different phases w. 
At T=1/2 and T =1/4 only those electrons will move back toward the fila- 
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ment which issue from it at w= 270° or, which is the same thing, at w= —90°. 
When T=71/3 and T=1/5 the electrons issuing from the filament at w 
= 180° will also be able to move back toward the filament. The alternating 
potential at the grid is of decisive importance in the division of electrons into 
two groups. This is particularly clearly seen when 7 =7/2. In this case the 
electrons issuing at w=0° and w=270° approach the plate when it has ap- 
proximately the same positive potential. Nevertheless, only the first electron 
will strike the plate, the second does not reach the plate and starts moving 
back. The trajectories and also the velocity curves show, moreover, that the 
electrons after passing the grid for the second time can fail to reach the fila- 
ment and will thus be able to oscillate several times about the grid. It is of 
interest, that under the conditions which we selected, the period of the elec- 
tronic oscillations, as determined from the trajectories of the electrons, will 
be a little shorter than the one previously computed from A. Scheibe’s 
formula. Their ratio is 1.02—1.05. This difference must be ascribed to the in- 
fluence of the alternating potentials which is not taken into account by the 
formula of A. Scheibe. It must be mentioned that in the case 7 =r the differ- 
ence between these two periods is considerably greater. According to the re- 
sults of N. Kapzov’’ their ratio is 1:15 under the same amplitudes of oscil- 
lations. Hence it follows that the influence of the alternating potentials de- 
creases as the difference between 7 and 7 increases. This is easily understood, 
for the more often the field alternates during, the time of passage of the elec- 
trons, the more there will be of a summation and mutual cancellation of the 
influence of the separate phases of oscillations. 


In conclusion the author wishes to express his gratitude to the Carnegie 
Corporation of New York for the grant of a Fellowship and to Professor R. A. 
Millikan for the facilities of the Norman Bridge Laboratory. 
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Magnetic Properties of Magnetite Crystals at Low Temperature 


By CuinG HsIten Li 
University of Illinois 


(Received April 11, 1932) 


Thin circular disks cut parallel to the 100, 110 and 111 planes of magnetite 
crystals were prepared. The components of the intensity of magnetization normal and 
parallel to the magnetic field at temperatures down to that of liquid air were investi- 
gated by the method of torsion. It was found that the magnetic properties of the 
crystal abruptly changed at about — 160°C. This temperature corresponds exactly to 
the temperature at which the specific heat of magnetite increases suddenly to a maxi- 
mum as was found by Millar two years ago. X-ray photographs taken at room tem- 
perature and at liquid air temperature show no difference indicating that there is no 
change in the distribution of the points of diffraction. The intensity of the two pat- 
terns requires further measurements. Weiss’ theory of the molecular field cannot be 
applied as — 160°C is not a Curie point. 


INTRODUCTION 


N HIS investigation on the heat capacities of ferrous oxides at low tempera- 

tures Russell \W. Millar' found that the specific heat of magnetite (Fe;O,) 
rises suddenly to a maximum at 114.15°K. He assumed that this maximum 
is due toa change in the magnetic properties. 

P. Weiss and P. N. Beck? have measured the specific heat of iron, nickel, 
and magnetite at various temperatures, and found an increase of specific 
heat of these substances near their critical points. Weiss explained this change 
as due to the change of magnetic energy. He showed that the magnetic 
energy per cubic centimeter of a ferromagnetic substance is: 


E = — 3H,!I = -— 3NP 


where J is the magnetic moment per unit volume, /7,, the molecular field and 

N is a constant depending on the substance. The negative sign indicates 

that it is necessary to supply heat to demagnetize the substance. Therefore 
dE N d(I*) 


qr 2 dT 








where 7 is the temperature. The increase of specific heat is 


1 dE 1 N_ d(I*) 


CC. = — — = ne ee 


~ oS aT 2 pl aT 








where p is the density of the substance and J is the mechanical equivalent of 
heat. With this formula Weiss found a very good agreement between the 
theory and the experiment. 


1 Russell W. Millar, Jour. Amer. Chem. Soc. 51, 215 (1929). 
2 Weiss and Beck, Journ. de Physique [4] 7, 249 (1908). 
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Therefore it is of interest to investigate the magnetic properties of mag- 
netite at low temperatures to see whether there are any changes at the point 
where the specific heat increases and to see whether these changes can be ex- 
plained by Weiss’ theory. It is the purpose of the present work to investigate 
this point. The magnetic properties of magnetite crystals at ordinary tem- 
peratures have already been investigated by V. Quittner,® so the present 
investigation is limited to low temperatures and especially to temperatures 
from —150°C to —170C. 


METHOD OF INVESTIGATION 


Magnetite crystals from West Lessetsk, Ural, with an octahedral habit, 
were obtained from Ward’s Natural Science Establishment at Rochester, 
New York. They were found to have a great homogeneity. Three circular 
disks parallel to the planes 100, 110 and 111 were carefully prepared by 
grinding a crystal (one for each disk) on the grinding machine to suitable 
dimensions for the investigation. The dimensions of the disks are as shown in 


Table I. 














TABLE I. 
Plane of disk Diameter in cm Thickness in cm Volume in cc 
100 0.95 0.096 0.0674 
110 1.08 0.079 0.0723 
111 0.83 0.083 0.0449 











The volumes of the disks were calculated from their weight and density 
the latter having been determined from a large crystal. 

The investigation was divided into two parts: (1) The determination of 
the component of intensity of magnetization normal to the magnetic field at 
temperatures between —150°C and —170°C; (2) The determination of the 
parallel component between the same temperatures. 

The methods used in determining these components are essentially the 
same as those used by P. Weiss‘ in his experiments on pyrrhotite crystals. 
The crystal disk is suspended between the pole pieces of an electromagnet 
and the couple exerted on the crystal by the magnetic field is determined by 
balancing it against the couple of the suspending wire. 

In measuring the normal component, the crystal disk is suspended with 
its plane horizontal in a horizontal magnetic field. Suppose the intensity of 
magnetization J makes an angle ¢ with field /7, then the couple exerted by the 
field on the crystal of volume V is 


N = VHI sing. 


Now Z sin ¢ is the component of intensity of magnetization perpendicular to 
the field 7/7. Therefore 

N ké 

VH VH 
$V. Quittner, Arch. des Sci. [4] 26, 358, 455, 585 (1908); also Ann. d. Physik [4] 30, 289 


(1909). 
4 P. Weiss, Jour. de Physique [4] 4, 469 (1905). 
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where & is the torsion constant of the suspension and @ is the angle of deflec- 
tion of the crystal. Thus the normal component, /., for different directions in 
the crystal in a constant field can be measured by rotating the crystal in 
the magnetic field. 

The parallel component of magnetization is determined by suspending 
the disk in a vertical position in a horizontal magnetic field with its plane 
making a small angle a with the direction of the field. Then, under the action 
of the field, the disk is rotated about a vertical axis through a small angle p. 
Let R (Fig. 1) be the disk and // the direction of the field. Then the torque 
exerted on the disk by the field is 


NV = 1 cos @HV sin (a — p) 
= [HIV sin (a — p) 
I; = N/[HV sin (a — p)] = Kp/[HV sin (a — p)]. 


By orientating the disk in the field the parallel component in different direc- 
tions in the crystal can be obtained. 

The apparatus employed was essentially a rotating electromagnet with 
a system of suspension similar to that used by Weiss. 

The thermocouple, used to measure the temperature at which the crystal 
is maintained, is made with No. 40 copper and constantan wires. One of its 
junctions is maintained in melting ice and the other is placed close to the 
disk. The thermocouple was calibrated both before and after the experiment 
against the fixed freezing points of the following substances and liquid air 
temperature, determined by means of an oxygen vapor pressure thermo- 
meter: 


Mercury — 39°C Toluene —95.1°C 
Chlorobenzene —45.2°C Carbon disulfide —111.6°C 
Ethyl acetate —83.6°C Liquid air —190.7°C 


The cooling system consists of a Dewar flask and a copper tube. The 
copper tube has an inner diameter of about 3 cm and a total length of about 
18 cm. The tube is capable of adjustment to different heights thus exposing 
part of its surface to the air outside of the Dewar flask. The temperature in- 
side the tube depends on the area which is exposed to the air and on the depth 
to which the tube is immersed in the liquid air. By experimenting and adjust- 
ing the height of the copper tube any desired temperature can be maintained 
constant inside providing liquid air is added to the flask from time to time. 


PROCEDURE 


After the magnetic field and the thermocouple have been calibrated and 
the torsion constant of the suspension determined, the magnetite crystal is 
set in position. The suspension is adjusted until the crystal is in the middle 
of the field and the zero position in the absence of the magnetic field is noted. 

In measuring the component of magnetization normal to the field the 
crystal disk is put in the horizontal position. A field is applied to the disk 
and the magnet is rotated around its axis several times before any measure- 











MAGNETIC PROPERTIES OF MAGNETITE 1005 


ment is taken in order that the crystal may be uniformly magnetized. After 
the crystal is magnetized the magnet is set in a definite position and the de- 
flection of the disk noted. The magnet is then turned through 10 degrees 
and the deflection again noted. This process is continued until the magnet 
has been rotated 360 degrees. The direction of rotation of the magnet is then 





1 


e ! 


! 
‘ 


R 


Fig. 1. Fig. 2. 











reversed and readings taken every 10 degrees until it reaches its initial posi- 
tion. 

The normal component of magnetization is calculated from the equation 
I, =K6/VH. Plotting the results with the angles of rotation of the magnetic 
field as abscissas and J. as ordinates, two curves are obtained as shown in 
Fig. 2. One of the curves is obtained when the field is rotated from 0° to 
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ANGULAR POSITION (DEGREES) ANGULAR POSITION (DEGREES) 
Fig. 3. Normal component of intensity Fig. 4. Parallel component of intensity 
of magnetization in plane (100). At temp- of magnetization in plane (100). At temp- 
erature —155°C. 1, H=282.75 gauss; 2, erature —155°C. 1, H7=282.75 gauss; 2, 
H=435.00 gauus; 3, H=489.37 gauss; 4, H=369.75 gauss; 3, 17=435.00 gauss; 4, 

H=598.12 gauss; 5, H =696.00. H =489.37 gauss. 


360° and the other is obtained when it rotated back from 360° to 0°. The 
area between the two curves increases with increase in the hysteresis loss due 
to rotation. 

By taking the average of the ordinates of these two curves as the ordinate 
of the third, we obtain a curve of J corrected for hysteresis. That this is true 
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has been proved experimentally by V. Quittner.® All the curves of the normal 
components of magnetization which are shown in the next section are plotted 
this way. 

In determining the parallel component of magnetization the crystal is 
set in the vertical position and the zero position noted in the absence of the 
magnetic field. The field is applied and before taking any reading the crystal 
is rotated several times about a horizontal axis. The direction of the magnetic 
field is then adjusted by rotating the magnet until there is no deflection of the 
crystal. In this position the direction of the field is in the same plane as the 
direction of the intensity of magnetization. The magnet is then turned to the 
right or left through an angle of 5 degrees and the deflection of the crystal 
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Fig.5. Normal component of intensity Fig. 6. The parallel component of 
of magnetization in plane (100). At temp- magnetization in plane (100). At tempera- 
erature —166°C. 1, H=184.87 gauss; 2, ture —166°C. 1, H=184.87 gauss; 2, H 
H=282.75 gauss; 3, H=435.00 gauss; 4, =282.75 gauss; 3, H=369.75 gauss; 4, 
H =489.37 gauss; 5, H =598.12 gauss. H=489.37 gauss. 


The field is removed, the crystal rotated 10 degrees about the normal 
passing through its center, and the measurements repeated in this position. 
By this process the disk is rotated in steps of 10 degrees until 360° is reached. 
I, is then calculated from the equation 


Ty = Kp/[VH sin (a — p)]. 


THE EXPERIMENTAL RESULTS 


Figs. 3 and 4 show respectively the variation of the normal and parallel 
components of magnetization in the disk parallel to the 100 plane at tem- 


5 V. Quittner, Arch. des Sci., [4] 26, 456 (1908). 
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perature —155°C. Both of these components have two maxima and two 
minima in 180 degrees. The two maxima and also the minima differ a little 
from each other. The parallel component has maximum and minimum values 
when the field is in the directions of the tetragonal and diagonal axes respec- 
tively, while the normal component has its maximum and minimum values 
when the field has directions between these axes. The amplitude of these 
curves increases as the field strength increases. It would probably reach a 
maximum and then decrease to zero when the field is increased to a point 
where the crystal is saturated. 

Figs. 5 and 6 also show these two components of magnetization in the 100 
plane, but at a temperature — 166°C. It can be seen that both of these com- 
ponents have now a period of 180° and the amplitude of the curves become 
far greater than before. 
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Fig. 7. Normal component of intensity 
of magnetization in plane (110). At temp- 
erature —155°C, 1, H=184.87 gauss; 2, 
H=282.75 gauss; 3, H=369.75 gauss; 4, 
H=489.37 gauss; 5, H=598.12 gauss. 


Fig. 8. The parallel component of in- 
tensity of magnetization in plane (110). 
At temperature —155°C. 1, H=282.75 
gauss; 2, H=369.75 gauss; 3, H=489.37 
gauss; 4, H =598.12 gauss. 





Figs. 7 and 8 show these two components in the disk cut parallel to the 
110 plane and at temperature — 155°C. At the field of 184.9 gauss the curve 
for the normal component has only one maximum and minimum in 180 de- 
grees and the amplitude is rather small. As the field increases the number of 
maxima and minima increases to two instead of one. And the two maxima 
and also the minima are different from each other. Both the curves of the 
two components show apparently a period of 180 degrees. For the parallel 
component the maxima and the minima are in the directions of the tetra- 
gonal, digonal and trigonal axes, while the normal component has its maxi- 
mum and minimum between these three axes. 

Figs. 9 and 10 show these two components in the same 110 plane, but at 
the temperature —166°C. The curves show again a great change as in the 
100 plane and the form of the curves of the two components are somewhat 
similar to those obtained in 100 plane at the same temperature, — 166°C. 

Figs. 11 and 12 show the two components in the 111 plane at temperature 





~ =A 











1008 CHING HSIEN LI 








-120 


-150 


-180 





-210 +#——4---1-— } — - 

| 

-240 l | | 

© 20 40 60 80 100 120 140 160 180 
ANGULAR POSITION (DEGREES) 











Fig. 9. Normal component of intensity 
of magnetization in plane (100). At tem- 
perature —166°C. 1, /7=184.87 gauss; 2, 
H=282.75 gauss; 3, 7=369.75 gauss; 4, 
H =489.37 gauss. 
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Fig. 11. Normal component of inten- 
sity of magnetization in plane (111). At 
temperature (111). At temperature 
— 155°C. 1,!47 =435.00 gauss; 2, H =543.75 
gauss; 3, 7 =435.00 gauss; 4, 783.00 gauss. 
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Fig. 10. Parallel component of mag- 
netization in plane (110). At temperature 
— 166°C. 1, H=282.75 gauss; 2, 7 =369.75 
gauss; 3, /7=489.37 gauss; 4, 7=598.12 
gauss. 
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Fig. 12. The parallel component of in- 
tensity of magnetization in plane (111) At 
temperature — 155°C. 1, 7 =184.87 gauss; 
2, H=282.75 gauss; 3, H =435.00 gauss; 4, 
H =598.12 gauss. 
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— 155°C. The forms of the curves of these two components vary as the field 
varies. For the normal component it has three maxima and minima in 180 
degrees with amplitudes all different. As the field changes, the maximum 
and minimum points shift and show a phenomenon which is very compli- 
cated. For the parallel components there are three maxima and minima in 
180° when the field is large but the curves become irregular when the field 
is small. 

Figs. 13 and 14 show the two components in the same plane, 111, but 
at temperature —166°C. The curves again are greatly changed and they 
have forms somewhat similar to that obtained in 100 and 110 planes. In- 





320 
210 
180 2 
150 260 
120 240 
90 2 
60 1 200 
I, 30 180 
0 160 
-30 140 
-60 120}— 
- 90 100 
-i20 80 
wg coy 
© 20 40 60 80 100 [20 140 160 180 © 20 40 60 80 100 120 140 160 180 
Fig. 13. Normal component of inten- Fig. 14. Parallel component of inten- 
sity of magnetization in plane (111). At sity of magnetization in plane (111). At 
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stead of three maxima and three minima in 180 degrees as at temperature 
— 155°C there is now only one maximum and one minimum. 

From the above data we can see plainly that there is a great change in 
magnetic properties when the magnetite crystal is cooled through the range 
of temperature from — 155°C to —166°C. 

In order to show definitely at what temperature this change takes place 
the normal component in a definite direction in the disk is determined by 
applying a given field and, at the same time, varying the temperature. Fig. 
15 shows the variation of the normal component in a certain direction in the 
111 plane when the applied field is 696 gauss. The temperatures are plotted 
as abscissas and the deflections, which are proportional to /:, are plotted as 
ordinates. The curve shows clearly that the change takes place at about 
— 160°C. In the other directions in the disk the variation is not so large but 
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find such a variation at about — 160°C. Thus we see that a 
ace at that temperature which is just the temperature at 
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Fig. 15. 


fic heat of magnetite increases to a maximum as has been 


mentioned in the introduction. 
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Fig. 16. 


Furthermore the position of the maximum and the minimum of the curves 
of the two components obtained at temperatures lower than —160°C de- 


pends upon the 


direction in which the magnetic field is applied during the 
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applied in a position 120 degrees from the first position. 
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When the crystal is cooled in the absence of the field. 
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of the field. 


tained at — 155°C (Fig. 18). 












process of cooling. Fig. 16 shows this effect for Ji. Curve 1 is obtained after 
the disk 111 is cooled through the temperature — 160°C with the direction of 
the field applied along the direction marked zero. Curve 2 is obtained when 
the field is applied in a direction 60 degrees from the previous position during 
the process of cooling and curve 3 is obtained similarly when the field is 





Fig. 17. Normal component of magnetization in 111 plane at temperature — 166°C. 


This phenomenon of the shifting of the position of maxima and minima 
of the normal component was found in all three disks. A similar shifting was 
also found for the parallel component. It seems as if we can locate the posi- 
tion of maxima and minima of the curves of these two components in any 
position that we please, depending on the position of the crystal in the field 
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Fig. 18. A, Rotating hysteresis-loop in 111 plane at temperature — 155°C. B, Rotating 
hysteresis-loop in 111 plane at temperature — 166°C after the crystal is cooled in the absence 


On the other hand, if the crystal was cooled through the range of tem- 
perature from — 155°C to — 166°C in the absence of the magnetic field, then 
the change will be different. Fig. 17 shows the normal component of magneti- 
zation in 111 plane taken at temperature — 166°C after it has been cooled 
to that temperature in the absence of an external field. This curve still has 
three maxima and three minima in 180 degrees, but they are shifted 90° as 
we see if we compare it with curve 4, Fig. 11. The hysteresis of rotation in 
this case is about ten times as large as compared with that which was ob- 
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DISCUSSION OF RESULTS 


From previous investigations made on magnetic crystals at room tem- 
peratures, V. Quittner has shown that magnetite, so far as its magnetic 
properties are concerned, possesses the symmetry of the orthorhombic sys- 
tem. According to that symmetry, the normal component of the intensity of 
magnetization in the 111 plane should have, between 0° and 180°, three dif- 
ferent waves with the possibility that one or even two of these waves may 
disappear completely. This is what has been found in the present investiga- 
tion at the temperature — 155°C. The curves obtained at — 155°C in all the 
disks have similar forms to those found by Quittner at room temperature. 
Thus we can conclude that the magnetic symmetry of the magnetite has not 
been changed when cooled down to the temperature — 155°C. But the forms 
of the curves are completely changed when the crystal is cooled in the mag- 
netic field below — 160°C. Therefore, the magnetic symmetry of magnetite 
must be changed from the magnetic point of view at least. 

Weiss’ theory of the Curie point cannot be applied to the phenomenon 
discovered because — 160° is not a curie point. We might of course consider 
a double change, a sudden loss of magnetism and an increase of magnetism 
is the neighborhood of — 160°C. We would have to introduce a second con- 
stant of another internal magnetic field V3; which would be equal to 33800 
approximately. But this attempt is unsatisfactory and the theory of the 
phenomenon requires further experiments. 

X-ray photographs both at room temperature and at liquid temperature 
were taken. The distribution of the points in both pictures is the same, but 
the question of the intensities remains open. 
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C. T. R. Wilson,' Schonland,? Schonland 
and Craib,’ and others have published reports 
based on investigations in England and in 
South Africa which indicate that thunder- 
storms are bipolar with the upper pole positive 
in a majority of cases. The mechanism of the 
thunderstorm as described by Simpson,‘ and 
based on his breaking-drop theory, requires 
that the anterior active portion of the cloud, 
where convection currents of ascending air 
are formed, shall be positively charged. Above 
and to the rear of this active area there are 
less concentrated negative charges. This 
theory has been elaborated by Humphreys® 
and recent field investigations by Banerji® at 
Bombay are in general agreement with it. 

Based on experiments with influence ma- 
chines in the laboratory in which the branch- 
ing of the discharge always goes from the 
positive pole toward the negative, Simpson? 
has used as the criterion for determining the 
polarity of any portion of a cloud from which 
lightning flashes proceed the direction of ob- 
served branching. A study of 328 lightning 
photographs collected by him from various 
sources gave a ratio of more than 3 from posi- 
tive clouds to 1 from negative. In view of the 
fact that the active part of the cloud should 
be small compared with the remainder, this 
is a surprisingly large ratio. It is also contra- 
dictory to the recent papers by Lewis and 
Foust,’ Peek!® and others which show that 
almost all of the direct lightning strokes to 
transmission lines are from negative clouds 
and that the negative discharges are much 
more severe than the positive. 

The writer has been making observations on 
the electrical field of thunderstorms for more 
than seven years, and summaries of the re- 
sults obtained have been previously reported.*® 
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The Relation of Branching of Lightning Discharges to Changes in 
the Electrical Field of Thunderstorms 


During the last two years our efforts have 
been concentrated on an attempt to obtain as 
many lightning photographs as possible for 
which the corresponding field changes were 
observed. The field changes were obtained by 
the use of an insulated metal deck connected 
through a sensitive galvanometer to ground. 
A beam of light through a right-angle prism 
to the galvanometer mirror and back to a 
revolving drum made the electrical record 
semi-automatic. Special care was taken to 
keep accurate and specific notes by the pho- 
tographer as well as by the observer in charge 
of the electrical apparatus, the two observers 
being in constant telephone communication 
as well, so as to identify definitely each pic- 
ture with the corresponding galvanometer 
record. A battery of four micro-barographs, 
three in a north-and-south line 8.5 miles long, 
and the fourth four miles to the west, gave 
an accurate record of the path of the storm. 


1 Wilson, Phil. Trans. Roy. Soc. A221, 73- 
115 (1920). 

? Schonland, Proc, Roy. Soc. A118, 233- 
251 (1928). 

§’ Schonland and Craib, Proc. Roy. Soc. 
A114, 229-243 (1927). 

* Simpson, Proc. Roy. Soc. All4, 376-401 
(1927). 

’ Humphreys, Monthly Weather Rev. 42, 
348-380 (1914). 

6 Banerji, Jour. Roy. Meteor. Soc. 56, 305- 
355 (1930). 

7 Simpson, Proc. Roy. Soc. A111, 56 (1926). 

8 Jensen, Monthly Weather Rev. 58, 115- 
116 (1930). 

® Lewis and Foust, Gen. Elec. Rev. 452- 
458 (1931). 

10 Peek, Jour. A.I.E.E., 48, 306 (1931). 
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In twelve night storms during which pic- 
tures have been taken, all within the Schon- 
land reversal distance, a total of 366 flashes 
have been photographed and the field change 
deflections have been observed for 185. Of 
these, 77 show downward branching in dis- 
charges which reached the ground and the ac- 
companying galvanometer deflections in- 
dicated positive field changes, requiring the 
lower pole of the cloud to be negative. 
Thirteen discharges which reached the ground 
showed negative field changes and came from 
a positive portion of the cloud. Several of 
these are striking examples of positive branch- 
ing with their many fine streamers. Eight dis- 
charges reaching the ground have distinct 
upward branching, four being accompanied 
by positive field changes and four by negative. 
Eighteen show no branching although they 
clearly reached the ground. In some cases the 
fine streamers were obscured by clouds and 
rain. Forty-eight show branching across the 
sky but do not reach the earth, 29 having a 
positive field change and 19 a negative one. 
The remaining 21 are indeterminate. It will 
be seen from the above summary that either 
there can be branching downward from a 
negative cloud, or the observations are self- 
contradictory. 

Schonland and Allibone™ have shown that 
by the use of an impulse generator delivering 
over 3,000,000 volts they have been able to 
obtain branching from a negative point to 
a positive grounded plane. F. W. Peek, Jr., 
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has sent me two photographs made in the 
General Electric laboratories which 
branching from a negative point, one to a 


show 


plane and the other to a point raised from a 
plane. He has also supplied photographs show- 
ing branching from a positive point to a nega- 
tive plane, the streamers in this case being 
more numerous and attenuated. It is char- 
acteristic of my own photographs from a 
negative cloud that they consist of a very 
bright principal channel with but few light 
streamers, while those from a positive cloud 
are less concentrated and have many more 
streamers. This agrees well with the experi- 
ence of the electrical engineers already cited 
that negative hits on their lines predominate 
over the positive and carry much larger 
charges. 

is evident that 
determining the 
polarity of a thundercloud by the direction 


From the above facts it 
Simpson's criterion for 
of branching can no longer be accepted, and 
that his theory relative to the mechanism of 
thunderstorms will probably require revision 
at some points. The studies are being con- 
tinued. 

J. C. JENSEN 

Nebraska Wesleyan University, 

Lincoln, Nebraska, 
May 12, 1932. 


"Schonland and Allibone, Nature, 128, 
794 (1931). 


An Attempt to Determine the Nuclear Moment of Beryllium 


The evaluation of the nuclear moment of 
beryllium has become a matter of interest to 
physicists in general since the identification of 
the neutron by Chadwick,' as well as to 
spectroscopists. For if one assumes that there 
is conservation of angular momentum, then 
the neutron must have a spin equal to that 
of the beryllium nucleus. The collision of an 
a-particle with a Be® atom giving rise to a C® 
atom plus a neutron leads to this result pro- 
vided the above assumption is made. 

The resonance line of beryllium, 2348.6A, 
has been photographed in the sixth order of 
a 21-foot grating (90,000 lines). The grating is 
mounted stigmatically and the dispersion for 
that order and region is 0.692A/mm. The line 
was excited by means of a_ helium-filled 
Schiiler lamp. Eastman Hyperpress plates 
were used for the exposures which lasted 30 


hours. The line appears quite as sharp as one 
would expect a sixth order line to appear. Nor 
does a microphotometer trace taken with a 
Koch-Goos recording microphotometer show 
any evidence of there being a hyperfine struc- 
ture associated with this transition. 

The resonance line of beryllium is a transi- 
tion from a 2!S toa 2 'P level and it is in the 
latter level that thé hfs splittings occur, a 
level which might not be expected to have too 
large a hfs pattern. If one could obtain some 
Be III lines in a region where high dispersion 
and resolution are available, splittings com- 
parable to those for Li II might be observed 
provided that Be® has a nuclear moment 
differing from zero. 

With this same source an attempt was made 


1 J. Chadwick, Nature 129, 312 (1932). 
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to find a band system due to Be: in order to 
determine the nuclear spin by means of the 
alternation of intensities. According to Furry 
and Bartlett? there should be such a band sys- 
tem in the infrared. Exposures of eight hours 


2 W. H. Furry and J. H. Bartlett, Jr., Phys. 
Rev. 39, 210 (1932). 
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duration were taken with Xeno-cyanine plates 
in the first order of the grating but these 
failed to reveal such a band system which 
doubtless lies still farther out in the infrared. 
ALLAN E. PARKER 
Sloane Physics Laboratory, 
New Haven, Connecticut, 
May 14, 1932. 


The Transformation Product of Potassium 


Potassium is known to emit beta-particles. 
Furthermore, there is evidence in support of 
the view that only one of the two isotopes of 
potassium is responsible for this radioactivity, 
namely, the isotope of mass 41.'* The emis- 
sion of a beta-particle should change this iso- 
tope into an isotope of calcium of mass 41, 
which is intermediate between the masses 
40 and 44 of the two known isotopes of cal- 
cium. The amount of calcium 41 which would 
thus accumulate in potassium minerals since 
the consolidation of the earth's crust has been 
estimated to be from 0.01 to 0.1 percent.’ 

If calcium 41 is generated in this manner by 
radioactive potassium, it should be quite pos- 
sible to detect its presence in potassium 
minerals of practically any age by the mag- 
neto-optic method! because of the great 
sensitivity of the apparatus. This method of 
attack has another advantage in that the 
potassium in transforming into calcium would 
change its valence from one to two. The 
“minimum” of light intensity characteristic 
of the calcium isotope would therefore appear 
on the scale at a point widely separated from 
the scale reading of its parent potassium iso- 
tope in all compounds in which they are 
studied, in consequence of the relationship 
between scale readings (or differential time 
lags) and combining equivalents of the ca- 
tions. 


1See Radiations from Radioactive Sub- 
stances by Rutherford, Chadwick and Ellis, 
MacMillan Company, pages 541-544, and 
the references therein cited. 

2 Frost and Frost, Nature 125, 48 (1930). 
Holmes and Lawson, same reference. 

* Hevesy, Nature 120, 838 (1927); Hevesy, 
Seith and Pahl, Zeits. f. phys. Chem., Boden- 
stein-Festband, pp. 309-318 (1931). 

* Allison, Ind. Eng. Chem. (Analyt. Ed.) 4, 
9 (1932). Detailed description of apparatus 
in press, Preprints of American Inst. Mining 
and Metall. Eng. 





We have examined for calcium 41 four 
samples of sylvite, in each of which we find a 
minimum of light intensity intermediate on 
the scale between the minima of calcium 40 
and 44 and appropriate to calcium 41. The 
results are given below, the percentages being 
very rough estimates: 

Approxi- Approxi- 


mate per- mate per- 


Sylvite centage of centage of 
calcium 41. ordinary 
calcium 
Sample 
No. 1, from Stassfurt, 
Prussia (pur- 
chased from Ward) 0.2 0.04 
No. 2, from U.S. Pot- 
ash Company, New 
Mexico (purchased 
from Mackay) 0.1 0.2 
No. 3, from U.S. Pot- 
ash Company, New 
Mexico (supplied 
by the company) 0.1 0.005 
No. 4, Source un- 
known 0.02 0.005 


It will be noted that the concentration of 
what appears to be Ca" is surprisingly high 
in comparison with that which is calculated.* 

In preparing the solutions for analysis, an 
amount of sylvite crystals weighing from 0.1 
gm to 1 gm was used. Asa check on the work, 
the calcium was examined in the chloride, 
sulphate, hydroxide and phosphate forms and 
in each case a minimum which may be at- 
tributed to Ca was found between the two 
minima of ordinary calcium. The scale read- 
ings, in the order of calcium 40, 41 and 44, for 
these compounds are: 














1016 

CaCl 18 .66 18.54 18.44 
CaSO, 12.05 11.80 11.54 
Ca(OH), 12.57 12.49 12.37 
Ca;(PO,y)2 23.52 23.38 23.20 


Several commercial (C.P.) preparations of 
potassium compounds were also examined for 
this transformation product, with the follow- 
ing results: 

Approximate Approximate 
percentage 
of calcium 


Compound percentage 


of ordinary 


41 calcium 
KCI (Merck's) 3x<10-* 210-3 
K.SO, (Merck's) 210-6 41074 
KOH (Merck's) 1x<10-* 1x 10-8 
K;PO, (Baker's) 3x" 4107 


Miss Edna R. Bishop kindly recrystallized 
some of the commercial (C.P.) KCI listed 
above, whereby we found the amount of the 
compound which may be ascribed to Ca" to 
have been reduced by about ten fold. 

The minimum attributable to Ca was 
looked for in fourteen commercial prepara- 
tions (C.P.) of calcium, in six of which it oc- 
curred in traces, while its presence could not 
be detected in the other eight. It is therefore 
concluded that the minimum is not caused by 
a third isotope of ordinary calcium. 

Since the functional dependence of scale 
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reading upon atomic mass is not definitely 
known, we are unable to assign a mass of 41 
rather than 42 or 43 to the calcium in ques- 
tion, but the evidence is positive that its mass 
lies between 40 and 44. We have searched, 
without success, for a third isotope of potas- 


sium which might be responsible for the radio- 
activity of this element and which might be 
the parent of a calcium atom of mass other 
than 41. 

A search failed to reveal a minimum cor- 
responding to a calcium isotope of mass 39 as- 
sociated with sylvite, thus indicating that the 
isotope K*® does not take part in the radio- 
activity of potassium. 

Since the minimum of light intensity in the 
several compounds investigated occurs at a 
point which corresponds to a calcium isotope 
of mass greater than 40 and less than 44 and 
since we know of no other compound to which 
this minimum can be assigned, the results 
above reported seem to present strong ex- 
perimental evidence in support of the view 
that the transformation product of potassium 
is calcium, whose atomic mass is probably 41. 

FRED ALLISON 
Roy GOsLIN 

Department of Physics, 

Alabama Polytechnic Institute, 
Auburn, Alabama, 
May 14, 1932. 


Note on Accommodation Coefficients 


Michels! has shown that his determination 
of the ratio of the accommodation coefficients 
of helium and argon on a tungsten surface is 
not satisfactorily interpreted by the wr'ter's 
theoretical considerations.? 

These considerations were based upon the 
observation that under certain experimental 
conditions the probability that the solid 
suffers a change of quantum numbers during 
the reflection of a gas atom from its surface 
is much less than unity, i.e. 


S<1 (1) 


Here S is the sum of all transition probabilities 
as calculated by a first order perturbation 
method. Under these conditions a good ap- 
proximation to the energy transfer may be ob- 
tained by the first approximation in a per- 


1W.C. Michels, Phys. Rev. 40, 472 (1932). 
2 C. Zener, Phys. Rev. 40, 335 (1932). 


turbation scheme, permitting the accommoda- 
tion coefficient to be readily calculated. For 
helium and argon gas with a tungsten surface 
at room temperature, S20.15, 0.54 respec- 
tively, according as d<0.25 X10-8cm, where 
d occurs in the repulsive potential exp(—7r/d). 
Hence we should not expect the calculation 
to be applicable to argon at such a high 
temperature. Unfortunately the writer was 
originally too optimistic in stating the con- 
dition S<1 int place of (1). 

The theoretical expression for the ac- 
commodation coefficient, (3) of reference 2, 
should be multiplied by 1/2. This error arose 
in the definition of t,’, which should be 
AE=k(t,'—t,). 

In the calculation of the transition proba- 
bility,’ it was assumed that 


aKd 
3 C. Zener, Phys. Rev. 37, 556 (1931). 
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where a is the average displacement of a sur- 
face atom from its position of equilibrium. 
This assumption may be avoided, and the 
same results obtained, provided 


a<X<a 


where \ is the wave-length of the gas atom. 
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Both conditions are satisfied with helium and 
tungsten, 
CLARENCE ZENER 
National Research Fellow, 
Palmer Physical Laboratory, 
Princeton, N. J. 
May 19, 1932. 


The Ultimate Lines of Element 87 


In a communication to the Physical Review 
the writer presented an estimate of the wave- 
lengths of those lines which may be expected 
to appear when a sample containing traces of 
the element of atomic number 87 is examined 
spectroscopically.|_ The numerical value of 
each line is dependent on the quantum de- 
fects of two levels, and as an error of +0.005 
in the estimation of the latter produces an un- 
certainty of about +180» in the term value, 
the wave-lengths can be off by as much as 
200A should the errors in the estimation of the 
levels be of opposite sign. It is therefore de- 
sirable to form an independent estimate of 
the wave-lengths of the first two doublets in 
the principal series spectrum of ekacaesium 
by a method which involves one, instead of 
two extrapolations, and for which data are 
available to test its reliability in constructing 
the known spectrum of radium. 


TABLE I. Spectrum of singly ionized radium. 


Na Na Np rp 


Aa/ No 


12S—2?P2: Aq Ay =0.006139N, +1.7799 
38 4077.714 30 2025.5 2.01319 


56 4554.037 48 2144.39 2.12370 
88 3814.44 80 1649.8 2.31206 
(3828) (Q2 


.3201) 


1°S—2?P): Ag / A, =0.007439N,+1.7618 


Sr 4215.515 Zn 2061.9 2.04448 
Ba 4934.09 Cd 2265.03 2.17838 
Ra 4682.20 Hg 1942.3 2.41065 


(4693) 


(2.4164) 


A method of extrapolation which fulfills 
these requirements assumes a linear relation- 
ship between the atomic number (N) and the 
ratio (Ac/A») of the wave-lengths of corre- 
sponding lines belonging to the spectrum of 
elements of sub-groups a and 6b with total 
quantum numbers +1 and m respectively. 
Thus, in the second periodic group of elements 
the ratio of the wave-lengths of the raies 


1H. Yagoda, Phys. Rev. 38, 2298 (1931). 


ultimes emitted by strontium and zinc, barium 
and cadmium, and radium and mercury are 
proportional to the atomic numbers of either 
sub-group of elements. Table I shows that the 
wave-lengths of the radium lines can be 
closely approximated by this method, the 
estimates being 3828A and 4693A, whereas 
the observed lines of the doublet reside at 
3814.44A and 4682.20A. Again, the difference 
between the wave-numbers of the two lines 
is 4818» which compares favorably with the 
measured doublet separation of 4857.2». 


TABLE II. Red lines of neutral ekacaesium. 


Ne ‘ M, ry e/ds 
12S—22Ps: dg, =0.010860.N, +2.0001 

37 7800.30 29 3247.548 2.40190 
55 8521.15 47 3280.67 2.59738 

7 (7150) 79 2427.96 (2.9449) 


12S—2°P): Ag by =0.012014.N, +1.9830 


Rb 7947.63 Cu 3273.964 2.42753 
Cs 8943.6 Ag 3382.89 2.64378 


87 (8104) Au 


2675.95 (3.0282) 


TABLE III. Violet lines of neutral ekacaesium. 


Na Na Np Ap Na/ An 





12S—3?P2: Ae /\, =0.007464.No4+1.7994 
7 4201.81 29 2024.33* 2.07557 
5 4555.3 47 2061.19* 2.20992 
7 


3 
5 
87 (4225) 79 1725.5¢ (2.4488) 





12S—32Pi: \e/Ay =0.007668.N.+1.7973 


Rb 4215.58 Cu  2025.67* 2.08097 
Cs 4593.2 Ag  2069.85* 2.21899 
87 (4328) Au -:1756.0¢ (2.4644) 


* A. Fowler, “Report on Series in Line 
Spectra,” p. 111 (1922) London. 
t W. M. Hicks, Phil. Mag. (6) 38, 26 (1919). 


A similar set of operations on the members 
of group I may be expected to yield equally 
reliable results in the estimation of the cor- 
responding lines of element 87. These cal- 
culations are presented in Tables II and III; 
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quantities in parentheses indicating extra- 
polated values. Unless otherwise noted the 
wave-lengths are those given in the Inter- 
national Critical Tables.* A comparison of the 
new estimates with the values secured from 
the quantum defect relationship (Table IV) 
shows that only in the case of the 1??.S—2*P, 


TABLE IV. Ultimate lines of element 87. 
Red doublet Violet doublet 
Method l?S— rs Ps— rs 
2*P, 2?P, 3°P» 3°P 
Quantum 
defects 74060 8130 42600 4310 
Sub-group 
ratios 7150 8104 4225 4328 


line of the red doublet do the two methods 
yield markedly different results. The doublet 
separations of 1646» in the red, and 558» in 
the violet region are in good agreement with 
independent estimates for these intervals, the 
mean of which are 1690 + 100» and 550 + 50y.3 


Absorption of Oxygen in the 


The between the 
visible and 1900A can be described quantita- 


dispersion of oxygen 


tively! by two resonance wave-lengths \, 
= 1469A and A, =544A with the corresponding 
number of oscillators f; =0.20 and f.=5.93. 
In order to study the physical significance 
of this result we have investigated the ab- 
sorption of oxygen down to 300A by means 
both of a small fluorite and a large grating 
spectrograph. The latter, designed by Comp- 
ton and Boyce,? was used for qualitative meas- 
urements was in- 
troduced into the spectrograph at pressures 
between 0.25 and 0.002 mm. Besides the oxy- 
gen, only some helium, at about 0.001 mm 


only. Flowing oxygen 


pressure, coming from the light source, was in 
the spectrograph. The light source was an un- 
condensed capillary discharge at 0.1 mm pres- 
sure in helium containing perhaps one per- 
cent of impurities. This gave emission lines 
distributed over the whole of the spectral 
range The 
purities were oxygen, hydrogen and nitrogen. 


investigated. conspicuous im- 


1R. Ladenburg and G. Wolfsohn, Phys. 
Rev. 40, 123 (1932). 

2K. T. Compton and J. C. Boyce, Phys. 
Rev. 40, 1038 (1932). 
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Judging from the nature of the agreement 
between the calculated and observed spectral 
lines in the case of the radium spectrum, it 
may be concluded that in the spectrophoto- 
graphic examination of mineral concentrates 
lines in the region of 4225+15A and 4328 
+ 15A will be observed should the sample con- 
tain ekacaesium. The investigation also in- 
dicates that the first doublet of the principal 
series will appear in a region that is better 
adopted for its visual observation than has 
been supposed by previous workers.* 

HERMAN YAGODA 

New York University, 

Washington Square East, 
May 19, 1932. 


2 Inter. Critical Tables 5, 323 (1929). 

* Detailed calculations will be published in 
the July or a later issue of the Journal of the 
American Chemical Society. 

‘kK. T. Bainbridge, Phys. Rev, 34, 75 
(1929); J. Papish and E. Wainer, J. Am, 
Chem. Soc. 53, 3818 (1931); W. F. Meggers, 
Science Supplement 74, No. 1926, 10 (1931) 


? 


Region of Short Wave-lengths 


The results confirm some of the earlier ex- 
periments of Lyman, Leifson and Hopfield. 
There are two strong absorption regions in 
oxygen, one between 1750 and 1300, with a 
maximum in the neighborhood of 1400A, and 
another below 1100A and still quite strong at 
300A, separated by a gap which is transparent 
for a + meter path of pure O, at 0.25 mm pres- 
sure. As nitrogen proved to be also trans- 
parent in this region, it seems hopeful to use 
wave-lengths between 1300 and 1100A for 
photochemical reactions, the light source and 
the reaction chamber being separated by 
CaF, or LiF windows and a few millimeters of 
air. Such a light source is under construction. 

The two resonance wave-lengths calculated 
from the dispersion measurements correspond 
obviously to the two observed absorption 
regions. Their positions are in fair agreement 
with the estimated centers of gravity of the 
absorption bands. 

For quantitative measurements we used a 
fluorite spectrograph, like one constructed by 
Cario and Schmidt-Ott,’® the hydrogen spec- 
trum of a capillary tube as light source and 


3 (4. Cario and H. D. Schmidt-Ott, Zeits. 
f. Physik 69, 719 (1931). 











the photographic photometric method to 
determine the absorption coefficient in the 
continuous absorption of the Schumann- 
Runge bands. The dissociation of the O: 
molecule by the influence of light in this re- 
gion of the spectrum is so strong that by il- 
luminating a closed cell of 10 cm length for 
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1450A to about one-half of its intensity, i.e., 
as much as metallic absorption. The absorp- 
tion in the band lines is incomparably smaller. 
This is just what we should expect from the 
above mentioned dispersion measurements as 
well as from the application of the Franck- 
Condon principle to the potential energy 
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some minutes the greater part of the oxygen 
disappears, the O atoms probably being ab- 
sorbed by the walls of the cell. 

The results of our measurements are shown 
in the graph, the abscissae being wave num- 
bers (1/A), the ordinates, absorption coeffi- 
cients @ defined by the equation 


I = Ine! 


and reduced to 76 cm pressure and 0°C, 7 
being in cm. Therefore a length of 0.0014 cm 
of O, at NPT reduces light of wave-length 





curves of O. calculated by Morse‘ and Stueckel- 
berg.° 

Finally we can compute from the graph of 
the absorption coefficient the f value, assum- 
ing the classical relation between absorption 
and dispersion® 


*P. M. Morse, Phys. Rev. 34, 57 (1929). 

*E. C. G. Stueckelberg, Phys. Rev. 34, 
65 (1929). 

® R. Ladenburg, Verh. d. D. Phys. Ges. 16, 
769 (1914); Zeits. f. Physik 4, 451 (1921), 
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Sedv = aNfe?/me = f X 7.12 . 10" 


where N means the number of molecules at 
NPT. Thus we get for the absorption of oxy- 
gen in the Schumann region the value 


f = 0.193 and Amax= 1450A 


in very good agreement with the conclusions 
drawn from the dispersion curve. 

Regarding the second resonance wave- 
length in the region of 544A, our qualitative 
measurements by means of the grating spec- 
trograph show that the absorption coefficient 
is here of the same order of magnitude as in 
the Schumann region. On the other hand the 
corresponding f value as deduced from the dis- 
persion measurements turned out to be about 
30 times as large as fi. This can be accounted 
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for if we assume that the absorption region 
extends from 1100A to 160A, an assumption 
compatible with our experiments which 
showed a quite considerable absorption at 
303A with a column of 4 meters of oxygen at 
0.002 mm pressure. 

So we may say that our absorption meas- 
urements of the O.—molecule confirm the 
conclusions drawn from the dispersion curve 
and the classical relation between absorption 
and dispersion, heretofore verified only for 
monatomic gases. 

R. LADENBURG 
C. C. VAN Vooruis 
J. C. Boyce 
Palmer Physical Laboratory, 
Princeton University, 
May 25, 1932. 


Measurements of the Height of a Large Drop of Mercury 


A recent paper in this journal by the pres- 
ent writer! gave for the surface tension of 
mercury in vacuum values ranging from 
438.4+0.3 dynes per cm at 12.5° to 423.9 
+0.6 dynes per cm at 67°—determined by 
the flat-drop method. The accuracy of results 
obtained by this method have been questioned 
by R. S. Burdon in a letter to Nature.? His 
contention is that there is a possibility that 
the readings were taken on “the lowest curve 
of the drop which will reflect rays coming 
from the top of the ground-glass window,” in- 
stead of on the real summit of the drop. Need- 
less to say a point so important as the exact 
definition of the top of the drop was not over- 
looked in the original experiment. Between 
March 31 and July 26, 1930, fifty-four sets of 
readings, each set consisting of at least nine 
trials, were discarded chiefly because the 
definition of the top of the drop was not con- 
sidered sufficiently exact. Two layers of heavy 
asbestos paper wrapped around the large tube 
containing the dish of mercury restricted the 
entrance of light to a circular opening less 
than 1 cm in diameter. As the top of the open- 
ing was approximately 1 mm above the top 
of the drop the source of error mentioned by 
Burdon was practically eliminated. 

However, in spite of the care taken in the 
original experiment, to ascertain the true top 


1M. Kernaghan, Phys. Rev. 37, 990-997, 
(1931). 
2 R. S. Burdon, Nature 128, 456, (1931). 


of the drop, efforts have since been made, 
in accordance with Burdon’s suggestion,? to 
check the readings previously taken. A sum- 
mary of the work follows. 

The apparatus was reset and the lighting 
conditions duplicated. The horizontal micro- 
scope was focused on the center of the drop’s 
meniscus, the line which gives the sharpest 
focus. A set of readings was taken. Then the 
light was blocked out from the top of the 
window until the verge of invisibility was 
reached. The averages given below speak for 
themselves. 


Full window......... 0.8182 +0.0001 cm 
1 cm window ....... 0.8183 +0.0001 cm 
Blocked window. ... 0.8183 +0.0001 cm 


A facsimile of the dish was set up in the 
open laboratory. The room was darkened and 
the lamp encased in a box the only opening of 
which was covered with unglazed paper. The 
top of the drop was first located by means of 
oblique lines* ruled on a card which was placed 
directly behind the dish. The cross hairs, 
focused on the intersection of the slanting 
lines and their reflection, remained unchanged 
upon the removal of the card. Nor did the use 
of a spherometer point, as suggested by Bur- 
don, produce any change in the setting. 

As a further test that the conditions under 
which readings were taken on the top of the 
drop were not precisely the same as those de- 


3S. G. Cook, Phys. Rev. 34, 513-520, 
(1929). 
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scribed by Burdon for the encased drop, 
efforts were made to reproduce his experi- 
ment.? A drop 6 cm in diameter was encased 
in a closed box. The drop was illuminated 
through a ground-glass window 6 cm in 
diameter and arranged symmetrically with 


TABLE I, 


Diamter Height from top Reading of mic- 
_ of of drop totopof roscope set on 
window in) window in cm apparent top of 


cm drop in cm 

6 aes 0.5531 +0.0001 
0.2 0.5640 +0.0001 
0.1* 0.5725 +0.0001 

4 1.5 0.5579 +0.0001 
0.2 0.5643 +0.0002 
3.5" 0.5745 +0.0001 

2.8 0.9 0.5617 +0.0001 
0.2 0.5645 +0.0001 
0.1* 0.5746 +0.0001 

1 0.15 (approx) 0.5733+0.0001 
0.1* ).5746 +0.0001 





* or less. 


reference to it. The distance between the 
center of the drop and the window was 9 cm. 
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Light was admitted through apertures 6 cm, 
4 cm, 2.8 cm and 1 cm respectively and in 
each case it was blocked out by steps. Table 
I gives the results. 

Burdon gets a difference of 0.121 mm in the 
reading for the apparent top of the drop for 
heights of 1 mm and 8 mm respectively. In 
the above table the difference is 0.129 mm for 
heights 1 mm and 9 mm respectively. The 
distance between the lamp and the center of 
the drop was in one case 4 cm and in the other 
case 9 cm. 

Since the opening used in the original ex- 
periment was 1 cm in diameter and the top of 
this opening was about 1 mm or even less 
above the top of the drop it is felt that Bur- 
don’s criticism does not apply. It is likewise 
felt that the readings were taken on the true 
summit of the drop and consequently the 
value for the surface tension of mercury in 
vacuum computed from those readings is 
deemed the correct value. 

The writer wishes to thank Doctor F. E. 
Poindexter for his keen interest and coopera- 
tion in this work. 

Marie KernaGuan, R.S.C.]J. 

Maryville College, 

St. Louis, Missouri, 
May 25, 1932. 


An Experiment in Support of the Hypothesis of a Time Lag in the Faraday Effect 


There has been an accumulation of experi- 
mental evidence in our studies with the mag- 
neto-optic method of analysis which seems to 
favor the view that the nature of the phenom- 
ena underlying this method is associated 
with a time lag in the Faraday effect.!:? The 
present experiment, which was suggested by 
Professor J. W. Beams, appears to be difficult 
of explanation upon any other hypothesis. A 
mixture of compounds possessing both posi- 
tive and negative Verdet constants (a water 
solution of salts of cerium) was prepared 
which when placed between crossed Nicols in 
a steady magnetic field of at least 2000 gauss 
showed zero Faraday effect for monochro- 
matic light. The cell containing this solution 
was then placed in one of the coils in the mag- 
neto-optic apparatus, the other coil being 


1 Allison and Murphy, J. Am. Chem. Soc. 
52, 3796 (1930). 

2 Allison, Christensen and Waldo, Abstract, 
Washington Meeting of the American Phy- 
sical Society. 


empty, and subjected to the field produced by 
the high potential current surges ordinarily 
employed. Upon application of this field, 
there was observed a brightening of the light 
transmitted by the second Nicol. As it was not 
possible to secure a solution free of a certain 
amount of color and as the absorption of light 
was therefore considerable, all observations 
were made after the manner of Faraday by 
slightly uncrossing the Nicols until there was a 
threshold of visibility of the light in the 
absence of the magnetic field, so that a rota- 
tion of the plane of polarization would be 
perceptible. The observations were made 
when the analyzing Nicol was in this slightly 
uncrossej position both in the clockwise and 
the counterclockwise directions. In neither 
setting of the analyzer could any brightening 
be detected when the steady field was applied, 
while there was definitely produced, with both 
settings of the analyzer, an increase in the 
light intensity upon application of the tran- 
sient field. The monochromatic light used was 
the Mg 4481A spark line. The neutral solution 
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was obtained after a considerable amount of 
rather tedious experimentation by the trial 
and error method. 

Since the solution contains positive and 
negative compounds (and traces of numerous 
impurities), the brightening of the trans- 
mitted light under the influence of the tran- 
sient magnetic field can be accounted for upon 
the hypothesis that the compounds present 
in the solution have different Faraday time 
lags and thus set up rotation of the plane of 
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polarization at different times after the ap- 
plication of the field. The maximum instan- 
taneous field due to the high tension transient 
currents, as computed from our experimental 
data, is less than the strength of the steady 
magnetic field which gave no rotation. 
FRED ALLISON 
Joun L. Connon 
Department of Physics, 
Alabama Polytechnic Institute, 
May 28, 1932. 


Dependence of the Ionization Produced by the Cosmic Penetrating 
Radiation upon Pressure and Temperature 


Compton, Bennett and Stearns! have re- 
cently offered an explanation of the ioniza- 
tion-pressure relation at high pressures in 
terms of a selective recombination at these 
pressures. On this basis they have been able 
to approximate closely the experimental 
ionization-pressure curves and to explain to 
some extent the difference in the ionization 
produced by the penetrating radiation in 
different gases. 

An interesting feature of this explanation is 
that it indicates a dependence of the ioniza- 
tion produced in a given quantity of gas upon 
the temperature of the gas. According to the 
theory the variation with temperature is 
negligible at pressures in the neighborhood of 
1 atmosphere but increases with pressure and 
becomes considerable in the neighborhood of 
100 atmospheres. 

In testing the theory, Compton! and his 
associates found that “Two series of readings 
on air at 100 atmospheres pressure, taken be- 
tween 0° and 30°C and between 0° and 37°C, 
greater the higher 
temperature by 7.8 percent and 8.3 percent 
respectively. Only one set of temperature 
readings was made at a lower pressure. This 
was for nitrogen at 20 atmospheres. The ob- 
served effect was 0.0000 + 0.0003, whereas the 
predicted value of 8(= 67/57) for nitrogen at 
this pressure is 0.0004.” 


showed ionization at 


The ionization in the above work was pro- 
duced by gamma-rays. Stearns informs me 
that he has recently investigated the tempera- 
ture variation of the ionization produced by 
the cosmic penetrating radiation in oxygen at 
a pressure of 70(?) atmospheres, and has 


1A. H. Compton, R. D. Bennett and J. C. 
Stearns, Phys. Rev. 39, 873 (1932). 





found an effect corresponding to that previ- 
ously observed with the gamma-ray ionization 
at 100 atmospheres. 

Wolff? has very recently investigated the 
the gamma-ray 
ionization in CO. and N2 at 21.5 atmospheres. 


temperature variation of 
He observed an increase of 10 percent in the 
ionization in CO, and 5.3 percent in that in 
Ne, upon increasing the temperature from 1° 
to 38°C, 

The writer has investigated the temper- 
ature effect in the ionization produced by the 
penetrating radiation in the 13.8 liter spher- 
ical chamber described elsewhere® in detail, 
with the 5.5-6 ft. water shield. With constant 
amount of air and a mean pressure of 162.1 
atmospheres, the ionization was observed to 
increase 7.0 percent of the smaller value when 
the temperature was increased from 7.5° to 
40.5°C. Under similar conditions but with a 
mean pressure of 23.3 atmospheres, the ioniza- 
increased 8.7 of the smaller 
value when the temperature was increased 
from 14.45° to 47.25°C. These values are 
without corrections for variations in baro- 
metric pressure or for variations in the den- 
sity of the shields. The barometric pressure 
was practically the same during the high and 
low temperature observations at the higher 
pressure, but at the lower pressure the baro- 
metric pressure during the high temperature 
observations was low, perhaps enough to 
have augmented the variation in ionization by 
an amount of the order of 1 percent. However, 
intermediate temperature observations at the 
higher pressure indicate that the variation of 
the ionization with temperature is greater at 


2 Kurt Wolff, Zeits. f. Physik 75, 570 (1932). 
3 J. W. Broxon, Phys. Rev. 37, 1320 (1931). 


tion percent 
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higher temperatures. In fact, when the tem- 
perature rate of variation of the ionization at 
the high and low pressures is considered as 
a function of the temperature, the indication 
is that the temperature effect may be nearly 
independent of the pressure. 

Apparent slight dependence of the ioniza- 
tion upon time rate of change of temperature 
or upon the previous condition of the gas has 
also been observed. Soon after filling the 
chamber to a high pressure very large ioniza- 


tion values (sometimes about twice the 
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equilibrium values) were observed, even 
though the gas appeared to have assumed a 
nearly constant temperature and the ioniza- 
tion current had been flowing for several 
minutes. Soon after reducing the pressure the 
ionization was also somewhat greater than the 
final steady value, but no differences as large 
as those following compression were observed, 


James W. Broxon 


University of Colorado, 
May 30, 1932. 
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PROCEEDINGS 
OF THE 
AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE WASHINGTON MEETING 
APRIL 28-30, 1932 


The 177th regular meeting of the American Physical Society was held in 
Washington, D. C. at the Bureau of Standards on Thursday and Friday, 
April 28 and 29, and at the National Academy of Sciences on Saturday, 
April 30, 1932. The first session began at ten o’clock on Thursday morning. 
There were three parallel sessions for the reading of the ten minute con- 
tributed papers on Thursday morning, three on Thursday afternoon, two on 
Friday morning, two on Friday afternoon and two on Saturday afternoon. 
The presiding officers were W. F. G. Swann, President of the Society, Paul 
D. Foote, Vice-President, kK. kK. Darrow, WW. J. Humphreys, H. E. Ives, C. E. 
Mendenhall, F. Kk. Richtmyer and E. B. Stephenson. 

On Saturday morning from ten to eleven-fifteen o'clock there was a 
symposium on “Electric and Magnetic Units.” This program was arranged by 
Professor A. E. Kennelly of Harvard University on behalf of the Inter- 
national Electrotechnical Union and the International Union of Pure and 
Applied Physics. The program consisted of five contributed papers, abstracts 
of which, numbers 95, 96, 97, 98 and 121, appear in the following pages. After 
considerable discussion the meeting passed a resolution that the President of 
the American Physical Society appoint a committee to consider the question 
of what action the Physical Society should take in regard to the adoption of 
electrical and magnetic units and report, if possible, to the Council and the 
Society at the New Haven meeting. 

The session on units was followed at eleven-fifteen o'clock by a second 
symposium on “Structure of Solids.” This consisted of two invited papers. 
The first was on “The Mosaic Structure in Metal Crystals” by Professor A. 
Goetz from the California Institute of Technology. The second paper was 
“On Newly Discovered Effects in Ferromagnetic Crystals” by Dr. Francis 
Bitter from the Westinghouse Electric and Manufacturing Company, Pitts- 
burgh. 

On Friday evening the Society held a dinner at the Hotel Washington 
with 186 present. The President presided and the after dinner speakers were 
Kk. T. Compton, Paul D. Foote, D. C. Miller and Professor Franz Simon visit- 
ing from the University of Breslau, Germany. 

Meeting of the Council: At its meeting held on Thursday, April 28, 1932, 
the deaths of three fellows, Louis A. Bauer, B. A. Behrend and C. Leo Mees, 
and one member, F. M. Hartmann, were reported. One person was trans- 
ferred from membership to fellowship and eighty-two were elected to mem- 
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bership. Transferred from Membership to Fellowship: S. Herbert Anderson. 
Elected to Membership: Carl D. Anderson, Oscar E. Anderson, Prescott N. 
Arnold, Benito E. Artau, Richard M. Badger, S. S. Barker, Baronig Baron, 
Norris E. Bradbury, Weldon G. Brown, Florence C. Burmann, William E. 
Bush, Milton A. Chaffee, Stuart H. Chamberlain, George Collins, Frederick 
P. Cowan, Howard J. Curtis, Ardith P. Davis, Wallace deLaguna, Joseph H. 
Dexter, John S. Donal Jr., Hugh L. Donley, George A. Downsbrough, Frank 
G. Dunnington, P. Whitfield Durkee, John P. Elting, Gladys D. Finney, 
Alfred B. Focke, Milton E. Gardner, Fred Goeddeke, Hyman H. Goldsmith, 
J. C. Gray, L. R. Hafstad, C. L. Haines, Harry H. Hall, Thomas M. Ham- 
mond, Maurice F. Hasler, Robert J. Hopkins, Archer Hoyt, Howard C. 
Hoyt, Andrew Hustrulid, Chih kK. Jen, C. R. Jeppesen, P. Kapitza, Edward 
H. Kurth, Joseph K. Leibing, Leo H. Linford, M. Stanley Livingston, Wil- 
liam M. Lobenstine, Dorothea Lyford, J. Adair Lyon, Millard F. Manning, 
Emmett V. Martin, C. H. Matz, John W. Mauchly, J. H. McLeod, Austin 
McTigue, Kenneth R. More, Harold E. Mott, George F. Moynahan, Philip 
Nolan, Floyd Ostenson, Charles G. Patten, A. L. Patterson, James C. Scott, 
David H. Sloan, Dwight O. Smith, Noyes D. Smith, Jr., J. Edward Spike, Jr., 
Robert G. Stokely, Charles A. Swartz, John G. Tappert, D. Oscar Trauger, 
Edwin A. Uehling, Robert N. Varney, Ernst Weber, Howard W. Weinhart, 
Frederick E. White, Harry J. White, C. T. Wood, George H. Worrall, Ta- 
You Wu, and John Wulff. 

At this meeting the Council approved with a few modifications t»e Con- 
stitution presented by the executive committee of the newly formed New 
England Section. The members of this executive committee are: Professor 
E. C. Kemble (Harvard) chairman, Professor P. M. Morse (M.I.T.) secre- 
tary, Professor G. F. Hull (Dartmouth), Professor Louise S$. McDowell 
(Wellesley) and Professor S. R. Williams (Amherst). 

The Council also approved the Constitution of the American Institute of 
Physics as presented by its secretary, G. B. Pegram. 

The regular scientific program of the Society consisted of 122 papers. 
Numbers 1, 11, 31, 38, 51, 54, 76, 106, 108, 117 and 119 were read by title. 
The abstracts of these papers are given in the following pages. An Author 
Index will be found at the end. 

W. L. SEVERINGHAUS, SECRETARY 


1. The mechanism of atomization accompanying solid injection. R. A. CASTLEMAN, JR., 
Bureau of Standards.—A brief historical and descriptive account of solid injection is followed by 
a detailed review of the available theoretical and experimental data that seem to throw light on 
the mechanism of this form of atomization. It is concluded that this evidence indicates that: 
(1) the atomization accompanying solid injection occurs at the surface of the liquid after it 
issues as a solid stream from the orifice; and (2) such atomization has a mechanism physically 
identical with the atomization which takes place in an air stream, both being due merely to the 
formation, at the gas-liquid interface, of fine ligaments under the influence of the relative mo- 
tion of gas and liquid and to their collapse under the influence of surface tension to form the 
drops in the spray. This simple theory, previously proposed by the author, is the most satis- 
factory and fits the observations the best of any yet advanced. It is recommended that the use 
of the term “atomization” be restricted to a certain range in which its use is sound etymologi- 
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cally and physically. This analysis is to appear in detail as a Technical Report of the National 
Advisory Committee for Aeronautics. 


2. The mechanics of effervescence. Orro StUHLMAN, JR., University of North Carolina.— 
Bubbles of gas when released in a liquid at depths great compared to their diameters on reach- 
ing the surface burst and eject droplets of the fluid into the air. Each bubble whose diameter is 
less than a critical value, as determined by the characteristics of the liquid, on bursting simul- 
taneously ejects many droplets. Their distribution in height is logarithmic with the greater 
difference in height between the higher ones. For water at 21°C maximum droplet ejection was 
14 cm for a critical bubble diameter of 0.12 cm; benzene is less stable but gives 9.0 cm height 
for 0.15 cm at 22°C. Bubbles less than 0.10 cm diameter eject droplets to heights proportional 
to thrce halves power of the radius. Bubbles having diameters greater than the above critical 
values burst irregularly. Irregularity is attributed to instability of the bubble. Variation in 
distribution amongst any given group of droplets at a given height is nearly Maxwellian. Lower 
boundary is sharp with a more straggling distribution for larger values of height. The theory of 
ejection herewith developed pictures the bursting bubble accompanied by a gas vortex ring 
which assists in raising the liquid jet of contour hx =constant, and volume hx?=c. Instability 
in raising a volcano-like jet produces drop formation, which vortex ring redistributes so that 
log h decreases proportionally as the number of drops increases linearly. 


3. Diagonal symmetry in Chladni plates. R. C. CoLweii, West Virginia University.— 
Ritz has shown that all the figures of a Chladni plate may be developed from the equation 
w=ZEu,»(x)v,(y). For high vibrations two terms of the series will give a very close approxima- 
tion to the sand nodes. The equation then takes the form w=Au,.2,+Bu,v», in which u,, and 
v, represent the solutions of a bar fixed at the center. These terms contain both hyperbolic and 
trigonometric functions. The only diagonal type investigated by Ritz was the simple form where 
m=n-+1. This gives one diagonal and a group of wavy lines parallel to it. With an electric 
valve oscillator which forces the plate into very high vibrations, it is possible to form many 
complicated figures with symmetry about the diagonal. Several of these will be shown. 


4. Ultrasonic absorption in gases. J. C. HusBarp, The Johns Hopkins University. 
—Electrodes of the piezoelectric plate of an acoustic resonator interferometer (J. C. Hubbard, 
Phys. Rev. 38, 1011, (1931)) are connected to the variable capacity of a tuned circuit including 
thermo-galvanometer. The circuit is excited at the crevasse frequency of the resonator plate, 
the circuit being tuned to resonance. Simple relationships are expected and found between 
thermo-galvanometer current and path-length r in the interferometer fluid. If ¢ be the ratio of 
current to resonance maximum current with the interferometer disconnected, oo at loops (con- 
stant), om at nodes, then for small values of 7, [om/(1—om) —o0/(1 —o0) |(ra +8) =const., where 
a is the attenuation factor of particle velocity in the fluid, and 8 = — log y, where y is the coeffi- 
cient of reflection. Correction must be made when a is large (CO2). A simple method of evalu- 
ating @ and y is derived from peak widths of the o, r curve. For room air the above relation 
exactly describes results, but a is several times larger than would be expected for dry, CO: —free 
air, being 0.25 at 500 ke and 24°C. Experiments are in progress with pure gases. 


5. The electric network equivalent of a piezoelectric resonator. K. S. VAN Dyke, Wesleyan 
University —The decrement of a quartz resonator is measured by observing in a cathode-ray 
oscillograph the decay of its free vibrations. The measured logarithmic decrement is a linear 
function of the external load resistance when electrodes are plated on the quartz, which function 
yields the resistance and inductance elements of the network. For a quartz rod 40X55 mm 
vibrating lengthwise in its fundamental compressional mode (67.5 k.c.) the inductance is thus 
measured to be 395 henries. Comparison of this value with the formulas previously derived 
(Phys. Rev. 25, 895, (1925)) for the elements of the network yields a value of the piezoelectric 
constant for quartz in agreement with the statically determined value preferred by the Inter- 
national Critical Tables. After eliminating the uncertainties of mounting, the decrement is 
found to be a linear function of the pressure of the surrounding atmosphere and to be pro- 
portional to the radiation resistance of the particular gas used. The residual decrement in 
vacuum for resonance frequencies between 50 and 100 k.c. varies between 10~ and 5 x 107 for 
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different resonators tried. It is 1.6 10~> for the resonator studied above, which indicates a re- 
sistance element of 950 ohms. This corresponds to an internal friction constant (Kimball's ¢, 
Phys. Rev. 30, 956 (1927)) of 0.018 x 10-®, 


6. Hydrodynamic characteristics of twelve symmetrical hydrofoils. R. C. DARNELL, 
1’, S. Experimental Model Basin, Washington, D.C.—The center of pressure and coefficients of 
lift, drag, and absolute moment have been determined for 12 hydrofoils of symmetrical section 
and 0.25 sq. ft. area at a Reynolds number of approximately 175,000. The hydrofoils were 
towed (leading edge vertical) in the tank of the Model Basin beneath a special flat bottomed 
float that carried the dynamometer by which the lift, drag, and torque were measured. The 
angle of attack was varied from 0° to 45° and the interval between the top of the hydrofoil and 
the bottom of the float from 0 to 2 in. The aspect ratios studied were 0.5, 1.0, 1.5, and 2.0. In 
general up to the burbling point the lift coefficient can be represented with fair accuracy by the 
equation 


. a 
C.=— 


1 
0.182 + — 
+ wR 


where @ is the angle of attack in circular measure and R the aspect ratio. For R=1 the flow 
breaks down at a=32° and for R=2 at about 20°. The center of pressure remains at approxi- 
mately the quarter chord point up to about 15°; in the interval of 15°—25° it moves rapidly 
towards the trailing edge and between 25° and 45° is located about 40 percent of the chord from 
the leading edge. 


7. The radon content of soil gas. HoLtBrook G. Botset. Gulf Research Laboratory.— 
Introduced by Paul D. Foote—An electroscope and apparatus for sampling and measuring the 
radon content of soil gas are described. A study of the radon content of soil gases under vary- 
ing conditions and over extensive areas gave the following results: There is apparently no cor- 
relation between radon content and depth from which the gas sample is taken; radon content 
during rainy weather appears to be higher than in dry weather; certain soil formations appear 
to have more or less characteristic radon contents. There is great local variation in the radon 
content of soil gas. Measurement of the radon content over a known salt dome showed a definite 
increase in radon content along the edge of the dome. This was an eroded structure and soil 
along its edge was enriched in heavy mineral. A determination of the heavy mineral content of 
the soil showed a definite correlation with the radon content of the soil gas, whence it is found 
that this is an indirect qualitative measure of the heavy mineral content of the soil. 


8. Flow of liquids through porous materials under the action of gravity. R. D. Wyckorr, 

H. G. Botset, M. Muskat. Gulf Research Laboratory.— Recent published results of studies on 

the flow of liquids through porous materials under the action of gravity have resulted in rather 

wide disagreement in both the formulation and interpretation. This paper presents the experi- 

mental results obtained by the authors, together with an analysis and final empirical formula- 

tion of the flow equations. Typical of the results is the equation for the gravity flow in a radial 
system given by: 

rKyg(Z2 — Z22) 

0 8 en 


Tr: 
In — 
Yo 


where K=permeability of the medium, y=density of fluid, g=acceleration of gravity, 
= reservoir radius, 72 =well radius, Z; and Z;= hydrostatic head of fluid observed at the bottom 
of the sand at 7; and 72 respectively. The paper extends the analysis to include the case of com- 
posite flow in which gravity and pressure drive exist simultaneously. Experimental data on this 
case are presented. Finally the analysis is extended to cover general gravity flow systems whose 
geometry is other than radial. 


9. Capillary action at low pressures. F. W. Constant, Duke University.-Consideration 
of the pressure just beneath the meniscus of a liquid in a capillary tube shows that the rise of a 
liquid due to capillary action is limited at low pressures or for very fine capillaries by the air 
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pressure above the liquid, although the simple theory of surface tension does not predict this. 
Thus as the air pressure is gradually reduced a capillary column of water, say 30 cm high, is at 
first unaffected, then falls steadily, showing no rise in a vacuum. This was confirmed experi- 
mentally, the effect being somewhat complicated by the slower diffusion of the vapor through 
the fine capillary. Capillary action in tall trees is hence limited to about 32 feet. No effect occurs 
for liquids which are depressed in capillary tubes, such as mercury in glass. 


10. Viscosity and particle shape in colloid solutions. LARs ONSAGER, Brown University. 
—FEinstein has shown that spherical particles in solution will increase the viscosity by a factor 
An/n=1+2.5¢, where ¢ is the fraction of the total volume occupied by the solute. For an ex- 
tension to ellipsoidal particles, the necessary hydrodynamic calculations have been made by 
Jeffery (Proc. Roy. Soc. A102, 161 (1922)). Presently, the Brownian motion is taken into ac- 
count. For ellipsoids of rotation, with semi-major axes a>>b=c, the factor 2.5 in Einstein's 
formula is replaced by 4a?, 15d? log (a 6). The time of relaxation for rotation is r=p 6kT, 
where p=7 X8xa*/3 log (a/b), e.g., for 7=0.01 and a=100b=5X10-> cm. The calculated 
viscosities are much greater than those measured by Staudinger for solutions of paraffins in 
tetralin, etc., which indicates that such molecules do not retain a straight linear shape in solu- 
tion. In addition, it seems necessary to assume slip at the surface of a hydrocarbon molecule. 


11. The relationship of gravitation and electromagnetism. WILLIAM A. Tripp, Medford, 
Mass.—The law of gravitation is deduced on a purely electromagnetic basis. The formula for 
the attractive force between bodies is derived and shown to be equivalent to the usual gravita- 
tional formula in the case of bodies at rest, but relative motion affects the value of the force if 
the bodies are not at rest. The analysis is based on the present day concept of atomic structure 
which postulates relatively stationary protons and rapidly moving electrons, coupled with an 
application of electromagnetic phenomena interpreted in terms of electronic reactions. Gravi- 
tation thus appears, not as a vague individual phenomenon, but as the statistical residue of 
electromagnetic attractions and repulsions on all the individual particles of matter in a body, 
the attractive forces predominating. 


12. Aberration of the second order in the Michelson-Morley experiment. N. GaAttt- 
SHOHAT, Helen Schaeffer Huff Memorial Research Fellow, Bryn Mawr College-—The theory of 
the second-order aberration in application to the Michelson-Morley experiment has been 
further developed. Summary. The phase-effect must be compensated by Lorentz-FitzGerald 
contraction. The displacement of fringes observed by D. C. Miller is due to aberration of the 
interfering rays. The horizontal displacement Aly of fringes in D. C. Miller experiment, re- 
computed in terms of the horizontal component of v, Aly =, 2(v* ‘c*) sin*(v, 2) sin 2y, (s-vertical, 
y-azimuth), shows a shift of the azimuth-curve by 45°, the velocity v (data of D. C. Miller) is 
460 km/sec. in the direction found by D. C. Miller. Michelson’s repetition: the line of sight ] and 
fringes—stationary; thus, no aberration could be observed. Joos’ repetition: stationary 1, but 
rotating fringes; Al=//2(v? c*) sin 2(v, 2) cos a (a-angular displacement of fringes) represents a 
full-period effect, actually observed by Joos but eliminated by averaging the readings for both 
halves of the interferometer’s revolution. Piccard repetition: classical form of interferometer, 
horizontal fringes; thus, full-period vertical effect: Al,.=1/2(v?/c*) sin *(v, 2) cos y, again ex- 
cluded by averaging. Kennedy's repetition: photometric method with broad fringes (nearly 
parallel beams), sensitivity 2 x 10~ (fringe). In order to detect aberration (about 7 <10-* mm), 
this would require fringes about 4 mm—too narrow for the method used. Conclusion. The zero- 
result of the various repetitions of the Michelson-Morley experiment is not inconsistent with 
the result of D. C. Miller, considered as second-order aberration. 


13. Graphical presentation of compressibility data. W. Epwarps DEMING AND Lota E. 
Suupe. Bureau of Chemistry and Soils, Washington, D. C——By plotting A against density in 
isobars and isotherms, the compressibility data for a gas can be exhibited on a small size graph 
that renders easy a quick estimation of the remaining p, v, T coordinate when two of them are 
given. A=v(pv/RT—1). With a little more effort, this coordinate can be calculated accurately 
by reading the ordinate A from the graph at the point corresponding to the two given p, v, T 
coordinates, and solving for the remaining (unknown) one in A=v(pv/RT—1). This graph thus 
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affords two kinds of interpolation; one is rapid estimation of the unknown #, v, T coordinate, 
and the other is an easy calculation of its value that gives results as accurately as the original 
data are known. This method of presentation also shows trends of the deviation from pu= RT. 
Graphs for nitrogen, carbon monoxide, and hydrogen are shown. 


14. Transport phenomena in Einstein-Bose and Fermi-Dirac Gases, E. A. UEHLING 
AND G. E. UHLENBECcK, University of Michigan.—The theory of gases in non-stationary states, 
given by Lorentz and Enskog, is generalized for the quantum statistics to give the hydro- 
dynamical equations and the distribution function in first and second approximation, and 
formal expressions for the viscosity and heat conductivity coefficients. These results are valid 
for all statistics and for all degrees of degeneration. Two essential points contribute to this 
generality: (a) Exact expressions independent of statistics and degeneration can be given for 
the coordinate and time derivatives of the coefficient A of the equilibrium distribution function 
in terms of the pressure and temperature gradients and time derivatives, though a closed ex- 
pression for this coefficient as a function of »v and T is known only in limiting cases. (b) The 
function IW of the general equation of state for ideal gases in all statistics 
sine W (027) 
ole al 
is adiabatically invariant. Numerical values of the viscosity and heat conductivity coefficients, 
which should come out of the formal theory on the introduction of special assumptions about 
the molecular forces, have not yet been obtained. It is our hope that these results, when found, 
may furnish an experimental test of the existence of Bose statistics in real gases, as is required 
by theory. 


15. The equation of state of a non-ideal Einstein-Bose or Fermi-Dirac gas. G. E. UHLEN- 
Beck AND L. Gropper, University of Michigan.—With regard to the question whether from 
isotherm measurements one can obtain an experimental test for the existence of Bose statistics 
in real gases, as is required by theory, we could prove the following general theorem. The 
“Zustandsumme” of a non-ideal Bose or Fermi gas is given by the classical integral provided 
one replaces the Boltzmann exp(— V;,/kT) factor by: 


i lal 4x*mkT 
e~Vis!* ! + exp (- ni) (1) 


for each pair of molecules (i, 7). For the second virial coefficient B, this has, i.e., in a Bose gas, 
as a consequence that: 


B = Baon=ta. class + Byceat, Bose + B’ (2) 


where: 


B’ 


2x N f drr2(1 — eV Ik?) ge? maT? jh (3) 
0 


Only at very low temperatures the last two terms in (2) become appreciable. They are then 
of the same order of magnitude, but have opposite signs. Due to this fact, due to the lack of 
precise knowledge of the molecular forces, and due to the absence of accurate measurements of 
B at very low temperatures, one can as yet not decide from isotherm measurements alone 
whether or not real gases obey the Bose statistics. 


16. The theory of the atom of energy. E. K. PLYLER, University of North Carolina.—In 
the quantum theory of Planck it is postulated that energy is absorbed and radiated in definite 
amounts equal to jv. In the present theory it is postulated that there is a minimum of energy 
which may be emitted or absorbed and that all other amounts of energy are a multiple or this 
minimum. Whenever an electron absorbs energy its linear velocity will increase if no spin is 
produced. By the conservation of energy principle an equal amount of energy will be emitted 
when the electron is brought to its original velocity. In the case of the production of x-rays by 
the bombardment of a target with a stream of electrons, the collisions which decrease the vel- 
ocity to zero at one time will produce the maximum or threshold frequency. Other types of 
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collisions will cause the emission of smaller quanta of energy and these will make up the con- 
tinuous spectrum which, is really a closely grouped discontinuous spectrum being made of 
various multiples of the atom of energy. More applications from optics and other branches of 
physics will be given and the more complete theory will be stated. 


17. The Dirac electron in simple fields. Mitton S. PLesset, Yale University—The 
Dirac electron is considered first in one-dimensional fields in which the potential function V(x) 
is a polynomial of any degree in x. By writing the equations of Dirac in a “canonical” form it is 
possible to attain an analytical symmetry which facilitates a detailed investigation of the be- 
havior of the solutions at the singular points of the equations. It is found that there is no 
quantization in any of these cases taking the usual boundary condition of quadratic integrabil- 
ity. The particular case of the simple harmonic oscillator, 1 =ax?, is discussed in detail. For 
the oscillator in space, =ar?, it is also found that there is no quantization. This treatment 
may be extended to show that Dirac’s equations for any central field in which the potential 
function V(r) isa polynomial in 7 give solutions with a continuous energy spectrum. 


18. Calculation of first order atomic energies for configurations involving almost closed 
shells. GEORGE H. SHOoRTLEY, Princeton University.—A method is developed for calculating 
the electrostatic energy matrix for a configuration consisting of a closed shell minus e electrons 
plus » other electrons with the same simplicity as for the corresponding configuration consisting 
of just «+7 electrons. One classifies the states according to the quantum numbers of the “miss- 
ing” and of the added electrons and calculates Slater’s integral (J—éA) for each pair of elec- 
trons in the usual way except that one attaches a negative sign to an integral connecting a 
“missing” with an added electron. One obtains in general quite different formulas for the elec- 
trostatic energies for the two configurations mentioned above. This means, in the Russell- 
Saunders case, that one obtains in general quite different multiplet separations and ordering 
of the multiplets. In the particular case n=0, however, one obtains the same formulas in the 
two cases, as has been shown by Heisenberg. It is then shown quite generally that the matrices 
of magnetic interaction are identical in LS coupling for the two configurations mentioned above 
except for a reversal of sign of the spin-orbit coupling parameter corresponding to the almost 
closed shell. 


19. A rigorous treatment of assemblies containing crystals, in quantum and classical 
statistical mechanics. T. E. StERNE, National Research Fellow, Harvard University and the 
Massachusetts Institute of Technology.—The “Fowler-Darwin” method of finding the number C 
of linearly independent wave functions capable of representing an assembly with both crystal- 
line and gaseous phases, of Y similar systems and of total energy E, is to express C in the form 
of a double complex integral, and evaluate this by the method of steepest descents. Although 
the method of steepest descents when applied to this integral leads to the correct physical re- 
sults, such use is not rigorous because the denominator of the integrand contains the expression 
1 —xx(z) where x is a selector variable and «(z) is the crystalline partition function per system. 
A rigorous procedure is to find the number C, of wave functions capable of representing the 
assembly of total energy E when there are P systems in the crystal, by the use of the method 
of steepest descents, in this case rigorous. To find C one then sums the resulting expression over 
all P less than X. The usual results of statistical mechanics follow directly. The method may be 
used for assemblies containing mixed crystals. 


20. A graphical projection method of determining the coordinates of point-groups. DAN 
McLacutan, The Pennsylvania State College. (Introduced by Wheeler P. Davey.)—The study of 
the 32 point-groups has so far required either that the student follow analytical methods 
blindly without visualizing the symmetry operations point by point, or that he follow, in imag- 
ination, the effect of rotating three-dimensional configurations of points about various axes. 
This paper describes a graphical scheme which enables a student to visualize the various sym- 
metry operations by means of appropriate projections. For point-groups of cubic symmetry 
the whole cube is projected on its (111) plane, so that the cubic axes appear in projection as 
three equal lines spaced 120° apart. A template is made to the same scale, showing the projec- 
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tions of the three axes and showing, to the same projection, the coordinates of some point P. 
Mechanical manipulations of the template are described for showing the effects of various 
symmetry operations on the coordinates of P. Similar procedures are described for rhombo- 
hedral point-groups both with rhombohedral and with hexagonal axes. The use of triangular 
coordinate paper is described in making projections of hexagonal point-groups. 


21. The principles of a new portable electrometer. Ross Gunn, Naval Research Laboratory, 
Washington, D. C.—A new type of sensitive electrometer, sufficiently rugged for use on aircraft 
or shipboard and employing a standard portable microammeter for an indicator, is described. 
The instrument is a true electrometer and its leakage depends only on the amber insulation and 
the ionization of the surrounding air. The voltage sensitivity of a typical instrument is 10,000 
microamperes (divisions) per volt. Sensitivities one hundred times this seem attainable after 
certain refinements in design are completed. The effective capacities of the instruments already 
built approximate 25 cm. 


22. The x-ray scattering curves for NH; andI in NHI at various temperatures. G. A. 
Morton, Massachusetts Institute of Technology. (Introduced by B. E. Warren.)—The f-curves 
for NH, and I have been determined for the two polymorphic forms of ammonium iodide for 
various temperatures. Measurements were made with an x-ray powder spectrometer using the 
Ka radiation of molybdenum. Intensity measurements were made on the high temperature 
form between +175°C and —50°C at intervals of 75°, and on the low temperature form at 
—20°C and —70°C. The form of the resulting f-curves is discussed and curves of the effective 
distribution of scattering matter in the crystal are given. 


23. The shape of an x-ray line. ARCHER Hoyt, Cornell University. (Introduced by F. K. 
Richtmyer.)—An x-ray emission line as measured by the double crystal spectrometer (“anti- 
parallel” position) can be represented very accurately by means of a simple empirical formula of 
the type 


ad 
din 1+ (xb)? 


where the ordinate y represents the intensity 7(A) as a function of x=(Ao—A), b the half-width at 
half-maximum, a the maximum ordinate of the spectral line, and \» the wave-length of that 
ordinate. Some uses for the formula are (1) location of background under the Ka doublet, (2) 
the calculation of the separation of close components from measured points used in the empirical 
formula. Formula (1) appears to be a function of a very fundamental type since it is also a good 
representation of rocking curves obtained in the “parallel” position of the spectrometer. A 
search for theoretical justification of this type of formula has brought to light the curious result 
that although the application of the Dirac quantum theory of the radiation field yields a form- 
ula of the same type, the maximum ordinate predicted is independent of the spontaneous transi- 
tion probability; whereas, certain experimental work indicates that the maximum ordinate is a 
good measure of the line intensity. This is very disturbing since the assumption is usually made 
that the line intensity is proportional to this Einstein coefficient of spontaneous transition. 





(1) 


24. Refraction of x-rays by calcite crystals. J. A. BearpeN anv C. H. SHaw, Johns 
Hopkins University.—Previous measurements of the refraction of the molybdenum K series by 
calcite have given values of 6=1—, which are about 7 percent higher than the calculated 
values. The present measurements have been made using a 90 degree prism in which the refract- 
ing surface was polished optically flat and approximately parallel to the (100) plane. The prism 
edge was carefully prepared according to the method described in Phys. Rev. 39, 1 (1932). 
However, the refracted lines were not as narrow as they should have been, which indicates 
that it is very difficult to obtain a “perfect” prism edge with calcite. Two experimental methods 
were used; in the first the x-rays struck the refracting surface externally and in the second in- 
ternally. The theoretical values were calculated from the quantum theory of dispersion using 
the crystal wave-lengths. The results are shown in the following table: 
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Line nN Method 5(exp.) 10° 5(theory) 10° 
Mo Ks 0.6314A First 1.4065 1.467 
Mo Ky 0.7093 First 1.852 1.853 
Mo K3 0.6314 Second 1.448 1.467 
Mo Ky 0.7093 Second 1.827 1.853 
Cu K3 1.389 First 7.07 7.14 

Ce he 1.538 First 8.67 8.76 


The experimental and theoretical values are thus in agreement within the experimental 
error. 


25. The reflecting and resolving power of calcite for x-rays from 0.21 to 2.3A. SAMUEL K. 
ALLison, University of Chicago.—Using a precision double crystal spectrometer, the rocking 
curves from three pairs of calcites in the (1, —1) position were observed for 7 wave-lengths 
from 0.21A (W Ka) to 2.3A (Cr Ka). Three quantities were observed at each wave-length, (1) 
the percent reflection (%R), defined as the ratio of the maximum ionization current obtainable 
from crystal B to the ionization current produced by the x-rays incident on B from A, (2) the 
reflection coefficient (2), defined as the ratio of the area of the rocking curve from B to the in- 
tensity incident on B from A, (3) the half width at half maximum of the rocking curve from B. 
One of the pairs was obviously more perfect than the others. It is shown that none of the three 
quantities defined above is simply related to the analogous observations on a single crystal with 
monochromatic, parallel, incident x-rays, but that numerical predictions of the values of the 
above quantities may be obtained from somewhat laborious calculations based on Darwin’s 
theory of diffraction by a perfect crystal as modified by Prins to take account of absorption. At 
present a complete calculation has only been carried out for the reflection of Cr Ka. Results: 
“OR predicted, 55.7; observed, 55.4: R pred., 4.25 X10~°; obs., 4.7 X10: half width pred., 6.5 
seconds; obs., 7.1 sec. On the basis of this agreement it can be stated that it is possible to find 
specimens of calcite for which there is no evidence for a mosaic structure from intensity of re- 
flection measurements. 


26. Wave-lengths of the tungsten K-series spectrum with the double-crystal x-ray 
spectrometer. JoHN H. Wittiams, National Research Fellow, University of Chicago.—Using a 
Société Genevoise double-crystal x-ray spectrometer and the method devised by Compton 
(R. S. I. 2, 365, (1931)), the K-series wave-lengths of tungsten were determined from the 
diffraction angles in the first order from calcite. The results, corrected for slit heights (Compton, 
Letter to the Editor, Phys. Rev., in press) and reduced to 18°C, are: 


Line Angle Wave-length in X.U. 
W Kap 2° G1" 66.3" 213.37 
W Ka, 1° 58’ 22.3” 208 .56 
W Kp; 1° 44’ 51.4” 184.75 
W Ks; 1° 44’ 24.8” 183.97 
W Ky g* 62° 37.7” 179.06 


The wave-lengths were calculated assuming the grating constant d=3.02904A at 18°C. The 
probable errors of the angle measurements are about +0.2"’ except for Ky and the random er- 
rors in the scale rulings of these instruments are approximately +0.4’’. The separation of 
@, a, agrees exactly with the energy difference Ly; —Lin. The §;, 83 lines were easily resolved in 
the first order and give a separation of 0.78 X.U. agreeing closely with the energy difference 
Mu — Mur. 


27. Forbidden x-ray lines in the L series. S. KAUFMAN AND F. K. RicHTMYER, Cornell 
University —On some of the long-exposure plates taken to bring out satellites, faint lines have 
been observed in the region of the L line of several heavier elements from 77/r to 907h. These 
lines have been identified as diagram lines, forbidden by the usual x-ray selection rules and be- 
longing to the two series Loz: — Nx, Le2—Oxn, Lex — Py .22 and Le — Ne», Le: — Or. The first member 
of each series Lx:— Mx and L2.— Mx has been found by Idei for several elements in the same 
atomic number range. Ross has recently reported “forbidden” lines in the K series. Search 
for other “forbidden” lines is being continued. 
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28. The production of the molybdenum La satellites by fluorescent absorption of silver 
La radiation. F. R. Hirsu, JR. AND F. K. RicHTMYER, Cornell University —The molybdenum 
Lea satellites have been obtained by fluorescent absorption of silver La radiation, by means of a 
special x-ray tube designed for use with a Siegbahn vacuum-spectrograph. An exposure of 40 
hours, with the x-ray tube running at 20 k.v. and 30 m.a. brought out satellites of easily ob- 
servable intensity. A plate taken by cathode ray excitation, with the same intensity of molyb- 
denum La, shows satellites of about the same intensity as in fluorescence. This is in disagree- 
ment with the results of Coster and Druyvesteyn who found the intensity of the satellites to be 
much less for fluorescent excitation, as compared with cathode ray excitation. Work is in prog- 
ress to show whether the satellites on the fluorescent plate are due to true fluorescence or 
merely to the high speed photoelectrons ejected by high energy white radiation quanta, which 
are able to doubly ionize atoms in the molybdenum fluorescent anticathode. 


29. Satellites near the K8;, line. O. Rex Forp anp C. B. Post, West Virginia University 
—For the elements Sc(21), Ca(20) and K(19) the B-satellites are found to be more numerous 
than previous literature reports them. A satellite of shorter wave-length than K3"™! has been 
found in the elements K(19) to Sc(21). This satellite is given the name Kp!’. Another satellite, 
very close and on the short wave length side of K; is found in the elements K(19) and Ca(20). 
The semi-Moseley diagram of these two new satellites has the same behavior as in the case of 
the other satellite lines. Experimental evidence is offered to show that all the B-satellites present 
a much greater regularity when referred to Kaz as the parent line instead of K8,; as has been 
customary. If the B-satellites are related to the Kaz line rather than K{; a new classification of 
the K-satellites is demanded, in which there are no satellites on the long-wave-length side of the 
parent lines. The semi-Moseley diagrams are very valuable in the investigation of new ele- 
ments. 


30. Comparison of effects produced by 200 k.v. x-rays. 700 k.v. x-rays and gamma-rays. 
G. FattLa, Memorial Hospital, New York. (Summary of results obtained by different investigators 
at Memorial Hospital.)—The influence of wave-length per se on the effects produced by ionizing 
radiations is being investigated intensively at the Memorial Hospital from different angles. The 
results reported at this time are based on the following effects: Biological: (1) reduction in linear 
growth of roots and shoots of wheat seedlings, (2) killing of fruit fly eggs, (3) reduction in linear 
growth of the tails of young mice, (4) epilation of a section of the tail, (5) severance of the end 
of the tail beyond the irradiated section, (6) epilation of the ears of rabbits, (7) erythema (red- 
dening) of the human skin. Chemical: (8) precipitation of mercurous chloride from Eder’s solu- 
tion, (9) decomposition of potassium iodide in acid solution, (10) darkening of photographic 
film, with and without intensifying screens. Physical: (11) ionization in different ionization 
chambers. The results show that wave-length plays an important part in the degree of effect 
produced. From a practical standpoint the most important result is that human skin and other 
living tissues (all made up of low atomic number elements) do not react in the same way to the 
three qualities of radiation. 


31. The reduction by x-rays of aqueous chromic acid solutions and the influence of added 
organic substances. HuGo FRICKE AND MARTHA WASHBURN. The Walter B. James Laboratory 
for Biophysics, Cold Spring Harbor, L. I.—A study has been made of the reduction of solutions 
of chromic acid in concentrations varying from N/500 to N/36000 chromate by irradiation 
with different dosages of x-rays. It is concluded that the effect is due to a primary activation 
of the water by the rays. Various organic substances increase the action of the rays, some having 
a marked effect in as low a concentration as 10-7 molar. The effect of the organic substance de- 
creases in low concentration, according to a relationship which may be accounted for by assum- 
ing that organic molecules take part in the reaction when they encounter activated molecules 
which exist for a limited time only. The dependence of the effect on chemical composition forms 
an interesting subject which has been studied to some extent. For example, the effectiveness of 
the normal monobasic acids of the paraffin series increases rapidly with the length of the chain, 
valeric acid being over 100 times more active than acetic acid. 
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32. Further x-ray evidence as to the size of a gene; and as to the energy of mutation by 
ultraviolet rays. OswaLD BLAcKWoop, The University of Pittsburgh. The author's previous 
minimum value, (130A), of the radius of the gene nucleus of the fruit fly is changed to 200A 
when x-ray bulb absorption is taken into account. In causing mutation by x-rays only one ion 
pair is produced if the radius is 130A and thirty if Muller’s maximum value, (600A), is correct. 
The threshold frequency limit for ultraviolet capable of causing mutation probably lies below 
the window glass limit, 3150A. It certainly is above the shortest mercury are line, 2480A. The 
corresponding energy excitation values of the gene are four and five electron volts. The spectral 
transmission of fruit fly larva “skins” has been determined by the author. With Altenberg’s 
data the energy to cause mutation is determined. The value depends upon the assumption as to 
the threshold limit and is between 50 and 1800 times that for x-rays. The number of quants 
absorbed in the gene is between 300 and 10000. This low efficiency suggests that multiple 
excitations are necessary which progressively raise the energy to a value adequate for mutation. 


33. Methods for computing lattice energy constants, R. H. CAanrietp, Naval Research 
Laboratory, Anacostia, D. C.—-The classical methods of calculating lattice energies depend on 
the existence of special functions which limit the symmetry of the lattices to which they may 
be applied. The present paper describes two methods applicable to lattices of any symmetry. 
The first method, applied to the Coulomb potentials, involves the calculation of the potential 
of an ion at the center of an ever-enlarging sphere of crystal-lattice. At each step a special cor- 
rection layer is added, such that the net charge of the whole sphere is zero and the volume 
integral of the potential energy is zero. This progression approaches a limit which may be 
determined to four digits by plotting. The second method is applied to potentials having ex- 
ponents of 1/r higher than three. In this method the energy is computed exactly for a large 
sphere of surrounding atoms, and the remainder of the crystal to infinity replaced by a volume 
integral over a uniform distribution of matter. The lower limit of this integral is the boundary 
of a sphere containing matter equal to the actual content of the crystal sphere which furnishes 
the main term. This method gives results to six digits. Numerical results are given. 


34. Molecular rotation in the solid state and the polymorphic relations of the univalent 
nitrates. F. C. Kracek, Tom F. W. Bartu ann C. J. Ksanpa. Geophysical Laboratory, Carnegie 
Institution of Washington.—The group of univalent nitrates affords a particularly important 
array of closely related structural types. The K, NH,y, Rb, Cs, Tl and Ag nitrates all exhibit 
polymorphism; crystallographic observations indicate that certain structural types may be 
common to two or more members of the series. Li and Na nitrates are not polymorphic, but 
NaNO; exhibits a gradual transition ending at 275°C which has been interpreted in terms of a 
gradual initiation of rotation of the nitrate group (J. Am. Chem. Soc. 53, 3339 (1931)). In 
NH,NO; the nitrate group rotation is initiated at a polymorphic inversion (Nature 128, 410 
(1931)). In some of the other members of the series the rotation of the nitrate group is likewise 
initiated at a polymorphic inversion. Thus, in KNQO;, the room temperature orthorhombic 
modification KNO,;(II) inverts to a holohedral trigonal form, K NO (I) at 127.7°C. The inten- 
sities of x-ray diffraction from KNO;(I) (a9 =4.50A, a=73° 30’, space group D3.°, d = 2.03 caled. 
with 1 KNO; per unit of structure, obsd. d = 2.03) are explainable only on the assumption of the 
nitrate group being in motion about the trigonal axis. On cooling KNOs;(I) to below 125°C the 
salt inverts metastably to a pressure modification K NO;(III) by a single crystal transformation. 
KNO;,(III) is ditrigonal pyramidal, space group C3y*, a9a=4.37A, a=76° 55’, one KNOs per 
unit of structure, d=2.13 calcd., d>2.10 obsd. The NO; groups in this modification occupy 
fixed positions. Other examples will be considered. 


35. The unit of structure of the minerals of the sodalite family. Tom F. W. Bartu. 
Geophysical Laboratory, Carnegie Institution of Washington. (Introduced by F. C. Kracek).— 
Minerals of this family are made up of the following three silicates (formulae for the full unit 
cells are given): 

8 NasgAlSigQugCho; II. NasAleSiel JogSO4; III. Ca, sAlgSigQ24(SO4);-2. 


I =sodalite, II =noselite, III is present in hauyne. An atomic arrangement for noselite in which 
two Na-atoms have no fixed positions in the lattice (“vagabonding ions”) has been proposed by 
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Jaeger. But this hypothesis is not in agreement with the known facts. The structure of sodalite 
as proposed by Pauling is correct, but does not explain the isomorphous relationship to sili- 
cates II and III. The following table shows, however, that the sodalite structure also can be de- 
scribed as belonging to space group 7y' (by applying the principle of variat atom equipoints) 
whereby the relationship to noselite and hauyne becomes evident. 








| 











Space gr. Nas Al; Sig On, | Cl, S O, 
Sodalite (Pauling) T,' 8a | 6g of | general | 2a 
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The varying composition of ultramarines (which also belong to the sodalite family) is 
explained as a consequence of the variate atoms encountered in the position 12f. 


36. New orientations forming in a crystal of Ag-Cu during precipitation. C. S. BARRETT 
AND H. F. Katser, Naval Research Laboratory, Washington, D.C.—The orientation of individual 
grains of a solid solution of Cu in Ag (4 weight percent Cu) has been studied by x-rays before 
and after annealing, with surprising results. X-rays reflected from a single grain in the quenched 
homogeneous alloy give strong and well defined spots, but these spots completely disappear 
after annealing treatments varying from 7 to 38 hours at 300°C. Before the original spots have 
vanished new reflections appear, weak and elongated. These occur at diffraction angles in- 
dicating reflection from the solid solution instead of the precipitate. These reflections are not 
destroyed by further annealing. Photograms of these reflections on a Davey-Wilson camera, 
when analyzed by stereographic projection, disclose a series of new orientations of fragments 
of the original crystal. The new orientations are related to the orientation of the original crystal 
by rotations covering the angular range 36° to 54° about each of the axes [100], [010] and [001] 
of the original matrix. There is a preference for rotations of approximately 42° and 48° about 
these axes corresponding to the fragmentation of a single crystal into crystallites with six differ- 
ent orientations. No type of twinning previously observed in metals accounts for such an effect; 
it can be explained by twinning only by going to high index planes as twinning planes, such as 
those of the form {830}, {940} or one intermediate between these. Photomicrographs were 
taken of the different stages of the process, and although the grains ceased to have the appear- 
ance of a homogeneous solid solution, characteristic twinning structures did not appear, nor did 
the usual Widmanstiitten structure. 


37. X-ray study of the plastic working of Mg-alloys. L. G. Moret ann J. D. HANAWALT, 
The Dow Chemical Company, Midland, Michigan.—An x-ray study has been made of the struc- 
ture of Mg-alloys fabricated at various temperatures. Different processes of working such as 
rolling, forging, or extruding result in characteristic fiber structures as seen by the x-ray photo- 
grams. These patterns are identified by comparing with computed patterns for the hexagonal 
system with axial ratio c/a=1.62. In this way it is found that a forged Mg-alloy possesses a 
[001] fiber axis lying in the direction of forging, while extruded Mg-alloys show a [210] fiber 
axis lying in the direction of extrusion. These results are understood in terms of the planes and 
direction of gliding in the micro crystals in polycrystalline Mg. The x-ray diagrams serve also 
to show the grain size and distortion of the micro crystals as a function of the temperature and 
the degree of working. 


38. Molecular structure of ice and water. E. L. Kinsey AND O. L. SponsLor, University 
of California at Los Angeles.—A new lattice for ice, so far as the hydrogen positions are con- 
cerned is proposed, based on the oxygen positions given by Barnes. The units H* and H;"O; 
appear, the latter built with three hydrogens forming an equilateral triangle in a plane midway 
between the oxygens. Large polarization effects arise and reasons are given to show why a 
lattice in which they are produced is preferred to a coordination structure in which they are not. 
The lattice provides dihydrol as the polymer in ice and water, and qualitatively explains many 
of the substance’s abnormalities. The model is used to calculate the oxygen-hydrogen angle 6 
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in the H "Oy, unit, for the unit within the lattice, and within dihydrol, regarded as isolated. Ap- 
proximate calculations indicate 6=30° to within a few degrees for the unit in the lattice. The 
effect of the lattice on @ is small (several degrees) whereas, it acts to increase the polarization at 
an oxygen nearly three fold. Use is made of this to account for the stability of dihydrol in the 
crystal lattice. 


39. Lorentz double refraction in cubic crystals. F. Seitz, Princeton University.-In 1878 
Lorentz pointed out that the classical crystal optics is a first approximation which neglects 
variations in the electric intensity of the light wave over the lattice. He returned to the problem 
in 1921 and gave an incomplete theory and performed experiments showing that rocksalt is not 
optically isotropic. In this paper the basis for an extension of the classical theory is given by 
writing 

fee ily eae > ee ee 

pin ~ Oxh “ @x*dx! 

for the electric moment in unit volume P,; due to the electric intensity, Z;. The tensor @ corre- 
sponds to classical theory. Voigt (1905) shows essentially how 8 is responsible for optical activ- 
ity of crystals. The tensor y gives rise to double refraction in addition to that due toa, so that 
double refraction may occur even where crystal symmetry makes a@ isotropic. For the cubic 
system 7 has three independent non-vanishing components. Double refraction is predicted for 
wave-fronts in all planes except the (100) and the (111) planes so that a cubic crystal has seven 
optical axes with regard to the Lorentz double refraction due to y. More experimental data are 
needed before the predictions can be checked. 


40. Quantum analogue of Lorentz broadening of spectral lines. HENRY MARGENAU, Yale 
University. Recently the effect of interatomic perturbations upon the position and breadth of 
absorption lines has been calculated. The broadening thus computed agreed with the observed 
half width as to order of magnitude, but left room for the simultaneous existence of other causes. 
Hence the question as to the significance of “collision broadening” arises. Clearly, the classical 
mechanism of this phenomenon, as suggested by Lorentz, has become illusory. A Fourier analy- 
sis of the incident radiation, leading to Lorentz’ formula, is also to be rejected. There is, how- 
ever, a possible quantum analogue of this phenomenon. Suppose that the intensity of the inci- 
dent light which is being absorbed by a given atom varies in its intensity so strongly that it may 
be regarded as intermittent. If this intermittence is due to the screening by other atoms its 
period may be smaller than the average life time of the excited state. In that case it is easy to 
show, by the usual perturbation methods, that the half width of the absorbed line, Av, depends 
on the period of intermittence, ¢. The result, Avy=.45/?, is practically identical in form with 
Lorentz’ formula, Avy=0.32/7, 7 being the mean time between two collisions. 


41. Theory of inelastic collisions. E. C. G. SruUECKELBERG, Princeton University—A 
theory of inelastic collisions very similar to the one by London (recently published in the Zeit- 
schr. f. Physik) has been developed. If only two stationary states of the two colliding systems 
are considered and if the nondiagonal interaction energy matrix elements depend on distance 
only, the problem reduces to two simultaneous differential equations. For a rather special case 
of this nondiagonal interaction energy the problem can be solved for all velocities. It is interest- 
ing to observe the deviation from the Born-Dirac Collision theory. In the case of exact resonance 
(i.e., if the kinetic energy before and after collision is the same) a general solution can be given 
within the region of validity of the Wentzel-Brillouin-Kramers approximation. The interesting 
feature is that with increasing interaction-energy we find an increase in transition probability. 
But after this probability reaches one it begins to oscillate between 0 and 1 in a way which de- 
pends on the exact nature of the interaction energy. 


42. Double Stern-Gerlach experiment and related collision phenomena. N. RosEN AND 
C. ZENER (National Research Fellow), Mass. Inst. of Tech. and Princeton University.—The ex- 
periment of Phipps and Stern on the behavior of atoms in a rotating magnetic field led to results 
at variance with the theoretical predictions of Giittinger. A possible explanation is that the 
latter’s calculations involved an abrupt change in the rate of rotation of the field that certainly 
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was not present in the experiment. To mend this, the rate of rotation is represented by a contin- 
uous smooth function having a maximum at ¢=0 and going to zero at t= + «. An exact solution 
of the problem for a function of this type is obtained and it is found that the expression for the 
fraction of electrons that have reversed their spins with respect to the field at the end of the 
rotation is considerably different from Giittinger’s and in complete agreement with the experi- 
ment of Phipps and Stern. The same analysis may be generalised to all classes of collision 
phenomena in which only two quantum states need be considered, and in which the difference 
in eigenwert of these two states, AE, is small in comparison to the relative translational energy. 
If f(t) is the matrix element, with respect to the two states, of the perturbation, and A =22/h 
J?.. {(t)dt, then the transition probability is given by 


(= A ) 
A 


43. The exchange of energy between monatomic gases and solid surfaces. CLARENCE 
ZENER, (National Research Fellow), Princeton University —The calculation of the accommoda- 
tion coefficient, a, of an inert gas with a metallic surface is intrinsically much simpler in the 
quantum mechanics than in the classical mechanics. This simplification has been taken advan- 
tage of to find @ as a function of the physical characteristics of the metal and gas. The depend- 
ence of a upon temperature is given primarily by the factor (U—U’))/T, where U is the inter- 
nal energy of the crystal. This is in agreement with the experiments of Richards on He and 
W. Two arbitrary parameters have been introduced, one the force constant d in the repulsive 
potential V = Ce~’!4, the other a factor arising in averaging over all angles of incidence. These 
parameters will, however, be nearly constant for the series He, Ne, A. It is predicted that @ will 
increase, remain constant, or decrease with the series He, Ne, A according as d is less than, 
equal to, or greater than 10-° cm. Experiments are being carried out at Princeton to determine 
this force constant. 
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44. A critique of sp* valency. J. H. Van Vieck, University of Wisconsin.—In the April 
1932 Phys. Rev., Mulliken shows that by extending to polyatomic molecules the diatomic con- 
figuration theory of Mulliken and Hund, it is possible to form a model for valences in compli- 
cated molecules apparently without merging the s and p wave functions to yield the so-called 
sp® valences of Slater and Pauling. To study this question further, the secular determinant for 
CH, is now examined. It is found that the sp* hybridization is encountered only when the repul- 
sions between the four electrons of the H atoms are included, and the Slater-Pauling form is a 
good aproximation only when these repulsions are fairly large. The Mulliken model, without 
the sp* combinations, allows eight electrons to “pile up” sometimes on one H atom, just as the 
Hund two-center model in H: allows two electrons sometimes to be on the same H atom. Any 
attempt to predict tetrahedral properties from the geometry of the sp* wave functions without 
invoking electron repulsions appears somewhat questionable. 


45. Multiplet splitting and intensities of intercombination lines. HuGu C. Wo re, Fellow 
of the Lorentz Foundation, University of Utrecht.—Wey] has shown that many properties of free 
atoms can be derived on the basis of irreducible representations of rotations in R3. Kramers has 
obtained an elegant formulation of Weyl’s methods through the use of symbolic representation 
(theory of invariants) of wave functions and operators. This method is particularly adapted to 
the problem of multiplets (interactions between two or more “vectors,” e.g., orbital angular 
momenta, spins). Integrations yielding matrix elements are only symbolic and the results, being 
determined by invariance properties, contain therefore unknown constant factors of the nature 
of radial integrals. Kramers’ method is applied to spectra involving two valence electrons, of 
which one is in an s state, (singlet and triplet P, D, F, etc.). The constants which represent the 
interaction energies (1) electrostatic, (2) spin-orbit, (3) spin of one electron-orbit of the other 
(other types of interaction as yet being neglected) are expressed in terms of the three intervals 
of the singlet-triplet multiplet. These constants have been determined for many spectra. (3) 
is most often not negligible. The intensities of singlet-triplet intercombination lines are found 
in terms of the intervals and compared with observations on Hg. 
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46. A method for sensitizing photographic plates to the short ultraviolet wave-lengths. 
A. J. ALLEN AND R. FRANKLIN, Cancer Research Fund, Graduate School of Medicine, University 
of Pennsylvania and The Bartol Research Foundation.—<As is well known, the sensitivity of or- 
dinary photographic plates can be increased to wave-lengths below 2400A by coating them with 


certain fluorescent mineral oils. The desirable oil converts the shorter waves into longer ones 
which are not absorbed by the gelatin. Oiling the plates, however, has certain disadvantages 
and uncertainties. The same principle is made use of in the following method of sensitization. 
Plates of the desired quality, i.e., size of grain and sensitivity, are submersed in a solution of 
2} g. amino G acid (Eastman Kodak Co. T. 477), 23 g. sodium carbonate in 100 cc of water for 
a few seconds, the entire surface being lightly rubbed with a piece of absorbent cotton to insure 
a uniform coating. They are then removed and allowed to dry in a vertical position on an ordi- 
nary plate drying rack. The result is a thin, rather durable coat of amino G salt crystals which 
give a bright blue fluorescence when exposed to ultraviolet radiations (also to x-rays and 8 and 
y-rays). A similar coating of G salt produces a greenish blue fluorescence which is not as effec- 
tive as a sensitizer. After exposure, and just before developing and fixing in the usual manner, 
dip the plates in a pan of water, or rinse under the water tap for an instant to insure uniform 
development. Plates sensitized in this manner are compared with oil sensitized, Eastman ultra- 
violet sensitized, and plates sensitized with Eastman ultraviolet sensitizing solution. 


47. A broad range vacuum spectrograph for the extreme ultra-violet. K. T. Com pron anp 
J. C. Boyce, Massachusetts Institute of Technology—A two-meter focus normal incidence 
vacuum spectrograph has been constructed to cover with a dispersion of 4.3 A per mm the 
whole range from the central image up to the first order of \2500. The body of the spectrograph 
consists of brass plates screwed and soldered together, the whole exterior being coated with 
glyptal lacquer. End covers, removable to permit introduction of the photographic plate and 
the adjustment of the grating, are each attached with two rubber gaskets. An auxiliary pump- 
ing system produces a rough vacuum between gaskets and prevents leakage past the inner ones. 
A Gaede mercury vapor pump with suitable liquid air trap provides an initial vacuum of about 
10 mm. and then maintains in the spectrograph a pressure about one hundredth of that in the 
discharge tube used as light source. Hilger Schumann plates, 3 by 24 inches, on special thin glass 
are bent to the focal curve of the grating. A magnetic control provides for moving the plate 
between successive exposures. Preliminary tests with electrodeless discharge, capillary dis- 
charge, and hollow cathode lamp indicate that the instrument is suitable for the investigation 
of short wave-length spectra from gas discharges. Construction of this spectrograph was made 
possible by a grant from the Carnegie Institution of Washington. 


48. Diffraction experiments with especial reference to the nature of errors of gratings. 
R. W. Woop, Johns Hopkins University.—During the past two or three years a study had been 
made of the causes producing the very troublesome, though very faint, spurious lines which 
appear near the main lines in the case of practically all large gratings. They lie usually much 
closer to the main line than the first order ghost, and give an appearance of hyperfine structure. 
Visual and photographic records of the appearance of the grating surface as observed by the 
light of the spurious lines, (the main line and all but one spurious line being screened off by knife 
edges) show that narrow vertical elements of the grating conspire in the production of each spu- 
rious line. The cause of these non periodic errors of spacing is, without doubt, the variable 
friction which the grating carrier experiences as it moves along the ways of the ruling engine. 
Methods of reducing this trouble will be described, and photographs of various mercury lines 
made with the 40 foot spectrograph since its transfer to Tuxedo will be shown. 


49. Quantitative spectrographic analysis. O. S. DurFFENDACK AND R. A. Wore, Uni- 
versity of Michigan.—A method of quantitative spectrographic analysis based upon the relative 
intensities of selected spectra lines in a single spectrogram has been developed and shown to give 
as consistent results as quantitative chemical analysis. By determining the relative intensities 
of a selected pair of lines in a graduated series of specimens like the material under investiga- 
tion, a working curve can be determined giving the relationship between the relative intensities 
of the lines and the percentage of the test element. This curve need be determined but once for 
analyses over a given percentage range. Hansen’s step diaphram method of measuring relative 
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intensities of spectral lines is used. When the test material is an alloy, an arc source is preferred. 
Investigation revealed that at certain arc currents, the relative intensity of the selected lines 
varies only slightly with the current. An arc of this current is used for the analysis. A theory of 
the intensities of spectral lines in an open arc has been developed and accounts for the relations 
used in the method. This investigation was made possible by support from the A. C. Spark 
Plug Company. 


50. The structure of the ultraviolet absorption spectrum of formaldehyde. G. H. Dieke, 
Johns Hopkins University and G. B. Kistiakowsky, Harvard University —The ultraviolet ab- 
sorption bands of CH,O were photographed in the third order of the 40 foot Tuxedo spectro- 
graph, and until now the bands at 3520, 3430 and 3390A analyzed. Their structure is, both as 
far as the position and the intensities of the lines are concerned, exactly what has to be expected 
theoretically for a molecule of this type. The molecule is almost a symmetrical top. The devia- 
tions from this shape are felt only for K <4, and result in a shift and a doubling of the lines 
which increases with increasing J. Lines belonging to successive rotations about the CO-axis 
show intensity alternations as in the hydrogen molecule. The expected combination relations 
are fulfilled within the limits of experimental errors. The three moments of inertia for the ground 
level are A = 24.58, B=21.63, and C=2.951 10-. This gives for the H—H distance 1.88A, 
and if the angle between the CH bonds is assumed to be the tetrahedron angle, for the C—O 
distance 1.19 and for the C—H distance 1.15 A. Henry and Schou’s previous analysis was not 
confirmed. 


51. Anew system of bands in sulphur dioxide. T. C. Chow, Princeton University.—About 
eighty bands in the region 2000-2400A were recorded from a discharge in sulphur dioxide 
gas flowing rapidly. No trace of sulphur could be detected in the tube after nine hours exposure. 
Two thirds of these bands have been arranged in a scheme of levels. Comparisons with the 
known band spectra of SO, Os, and O,* show quite definitely that these bands do not belong 
to any of these known systems. Particularly the known system of bands of SO (2400-3940A) 
has many different features from these bands. Because of the weakness of the source, rotational 
structures have not been obtained. It appears that these emission bands may be due to the 
SO, molecule itself. Absorption measurements in SO, were therefore undertaken. (In the region 
2400—2000A no accurate measurements have ever been published.) About sixty strong ab- 
sorption bands were recorded and arranged into sequences. Twenty bands which constitute 
three sequences appear both in emission and absorption. This agreement between absorption 
and emission gives quite a strong support to the hypothesis that SO, is the probable emitter of 
those emission bands. 


52. The near infrared bands of ammonia under high dispersion. J. D. Harpy, National 
Research Fellow, University of Michigan.—The Ammonia bands at 1.54, 1.94, and 2.24 have been 
studied under high dispersion and the fine structure of the first and last of the two bands has 
been brought out for the first time. From theoretical considerations, supported by the complex 
character of the band, the 1.54 band is attributed to the overlapping of several combination 
bands. The band at 2.2, is of the perpendicular type as is the band at 1.94. Barker, who first 
resolved the 1.9 uw band, suggested that it might be a fundamental but a further study of this 
band and the one at 2.24 seems to indicate that this classification might be wrong. Further in- 
vestigation of the molecule in the light of present data will be needed to throw light on the per- 
pendicular type of vibration. 


53. Vibrational levels in ammonia-like molecules. PHittp M. Morse Anpb N. ROSEN, 
Massachusetts Institute of Technology—Dennison has shown that the nitrogen atom in the 
ammonia molecule can vibrate along a line perpendicular to the plane of the hydrogen atoms, 
and that it has two symmetrically placed points of equilibrium. The nitrogen atom’s potential 
field thus has two minima, separated by a “hill.” Quantum mechanics requires that the vibra- 
tional levels for such a field be doublets, which has been observed in the ammonia spectrum. The 
writers have found a form of potential field whose levels could be computed with good accuracy, 
giving values of the levels and the doublet separations in good agreement with the experimental 
data of Dennison and Hardy. This field has its two minima 0.73 angstroms apart, separated 
by a “hill” 1/4 volt high. 
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54. Predissociation in the spectrum of iodine chloride. WELDoN G. Brown, National 
Research Fellow, University of Chicago anv G. E. Gipson, University of California.—A group of 
bands lying just beyond the convergence of the ordinary visible absorption bands of iodine 
chloride have been analyzed and found to consist of P and R branches. The upper state for this 
system is derived from normal iodine and excited chlorine atoms and is interpreted as the “IIo, 
state predicted by Mulliken. It is thus analogous to the upper states of the well-known visible 
bands of the homonuclear halogens. The upper state of the ordinary ICI bands is now known to 
dissociate into two normal atoms and is classified as the II; member of this multiplet. Above the 
level v=3 of the *Ilo state predissociation sets in, presumably as a result of interaction with a 




















































repulsive O* state derived from two normal atoms. Apparently the intersection of these curves 
gives rise to a new state with a minimum at the point of intersection, for at this point a new set 
of energy levels is observed to begin. In absorption transitions to this state result in sharp lines 
only if the energy levels coincide at the same rotational quantum number with the levels of the 
original ‘IIo state. Otherwise the lines are diffuse. This is interpreted as due to momentary exist- 
ence of the molecule in the “Ilo state as an intermediate step in the absorption process, a step 
which is followed either by predissociation giving normal atoms or by a radiationless transition 
into the new O* state. 


55. Infrared spectra of the noble gases. WILLIAM F. MeGGerRs AND C. J. HUMPHREYs, 
Bureau of Standards.—The first spectra of He, Ne, A, Kr and Xe have been photographed with 
complete details from 7600 to 12100A by exploiting two very remarkable emulsions made by the 
Eastman Kodak Company. These plates have sensitivity maxima at 8600A and at 9600A. The 
first plate was used for the range 7600—9200A and the second for 8600—12100A. The sources 
were Geissler tubes operated with uncondensed high voltage a.c. discharges, and the spectro- 
graphs were concave gratings of 21 feet radius except for the last 900A which was observed 
with a Hilger E, spectrograph with glass prism. Many new lines have thus been added to the 
spectroscopic data for each of the noble gases and analysis has resulted in confirmation and 
extension of the tables of spectral terms. A new band extending from 9100 to 11000A has been 
observed in He. The resonance lines of He have been measured as 10829.09 (20) and 10830.30 
(100). The longest wave-lengths recorded in Ne, A, Kr and Xe are 12066, 11738, 12124, 11134A 
respectively. The second spectra are being investigated in the infrared in the same manner. 


56. An extension of the Pd I-like isoelectronic sequence to Sb VI and Te VII. G. K- 
SCHOEPFLE, Cornell University. (Introduced by J. R. Collins.)—Terms arising from the configura 
tion d'°, d°s, d°p of Sb VI and Te VII are given along with the wave-lengths and frequencies of 
the stronger lines. Term separations and a Moseley Diagram are given and the centroids are 
computed for the entire sequence. The lines for the transitions *P D F,'1P D F (4d%5p) into 
8D, 4D (4d°5s) fall in the vacuum region between 784A and 1331A, while for the shorter wave- 
length lines for the transitions !P;, °P;, ana 3),° (4d95p) into '\So(4d'°), the frequencies are ob- 
tained by extrapolation of the Moseley Diagram. 


57. Hyperfine structure of Ga II and In II. J. S. CampBett, National Research Fellow, 
University of Chicago.—The spectra of ionized gallium and indium, photographed with a 21- 
foot grating, show wide hyperfine structure. The assumption of 7=3/2 for gallium best fits the 
observed separations and estimated intensities; a nuclear moment of 9/2 or 11,2 is indicated 
for indium. Relative separations of a number of terms agree with the formulae of Goudsmit 
and Bacher (Phys. Rev. 34, 1501 (1929) for two-electron configurations involving an s electron. 
The In I lines classified by Sawyer and Lang (Phys. Rev. 34, 712 (1929)) as (4s%4p) 2?P 
— (4s4p*) *P show hyperfine structure which is due to the quartet term, and which substanti- 
ates their classification. 


58. A test of hyperfine structure theory. R. F. BacnEr, Mass. Inst. of Tech. axv J. S. 
CAMPBELL, University of Chicago, National Research Fellows.—The total hyperfine structure 
separations of the two members of the doublet arising from the single 5p electron have been 
found from a study of the resonance lines of indium. The values of these separations represent 
averages of observations with a variety of plate separations with a Fabry-Perot interferometer. 
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Difficulties due to isotope displacement and the corresponding complication of the patterns are 
not found in indium as it is a single element. Since it may be shown that the nuclear moment of 
indium is greater than 1}, the theoretical value as given by Fermi or Racah for the ratio of these 
separations is independent of the nuclear moment. A?P; is found to be 0.390 cm™ and A?P,; to 
be 0.133 cm™ giving a ratio 2.9. This is not in agreement with the uncorrected theoretical value 
1.67; it is in somewhat better agreement with the value corrected according to Racah, 2.05; and 
it is in quite reasonable agreement with the value corrected according to Breit, ~2.7. 


59. Hyperfine structure of the vanadium spectrum. H. E. Waite, University of California, 
Berkeley —Our present knowledge concerning the hyperfine structure of spectral lines enables 
one to predict for vanadium (at. wt. 51, at. no. 23), a finite nuclear spin and a hyperfine struc- 
ture. Because of the hundreds of lines in the vanadium arc spectrum and the high intensity re- 
quired for interferometers only a few of the lines are sufficiently isolated for study. The V I lines 
were excited in an atmosphere of argon by means of a Paschen hollow cathode cooled to liqud 
air temperatures (a Schuler tube). With a large three prism glass spectrograph in conjunction 
with Fabry-Perot Etalons a number of the lines have been observed as narrow unresolved hy- 
perfine multiplets. Eight or ten of the wider patterns (total width about 0.1A) have been studied 
in an effort to determine the nuclear gpin. In the quartet system of multiplets, 44851 (‘Dy — 
*Fy,) reveals four diagonal components. \\4670 (*P2; —*D) and 5670 (‘Ds —*Fy), although not 
completely resolved, appear to contain six components. The first three or four diagonal com- 
ponents of these lines are resolved and the remainder of the pattern indicates two more making 
six in all. With these preliminary results one can say that for the vanadium nucleus ] 25/2, 
and that the g-factor is small. The total widths of the unresolved patterns for the multiplet 
6D) —®F (3d‘4s —3d*‘4p) are in excellent agreement with Goudsmit’s equations. 


60. The Paschen-Bach effect of hyperfine structure and the polarization of resonance 
radiation: the D lines. L. Larrick, State University of Iowa—The polarization of sodium 
resonance radiation has been calculated on the basis of the hyperfine multiplet theory of Goud- 
smit and Bacher as a function of the hyperfine separation constants of the 1°S;/2 and 2?P 3/2 
levels and the intensity of an applied magnetic field for a nuclear moment of one (in units of 
h/2x). Comparison with experiment shows good agreement with A =0.0012 cm™ for the 2?P 3/2 
level, except for very small fields (H =40 gauss) in which the polarization increases less rap- 
idly than the theory demands. This is probably due to the fact that the first approximation used 
takes no account of the finite breadth of levels. 


61. Polarization of sodium resonance radiation and nuclear moment of the sodium atom. 
N. P. HEYDENBURG, L. LARRICK, AND A, ELLETT, State University of Jowa.—The polarization 
in zero magnetic field of sodium D line resonance radiation is calculated as a function of the 
nuclear moment I. For plane polarized exciting radiation (D2 alone) we find 
161® + 4815 + 64I* + 481° — 5I* — 311 — 18 
1121 + 33615 + 288I* + 161° — 7312 — 171 — 6 
Pp, = 0. 


From this we calculate the table below: 





Pps 








0 60 50 
1/2 40.54 33.33 
1 20.50 16.6 
3/2 18.61 15.07 
2 17.33 14.02 
5/2 16.47 13.32 
3 15.91 12.84 
7/2 15.54 12.56 
4 15.28 12.35 
9/2 15.09 12.19 
14.28 11.54 

Observed 16 


.48 + .33 
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The polarization was measured by the Cornu method—observations made by four observers 
showed good agreement giving a mean value of 16.48 +0.33 percent. This agrees well with the 
result calculated for /=1 whereas observations on band spectra indicate J 23/2 and present 
ideas of nuclear structure demand J =odd multiple of 3(4/27). 


62. Quenching of mercury resonance radiation by H2, CO, and N2. J. S. Owens AnpD O. S. 
DUFFENDACK, University of Michigan.—The quenching of mercury resonance radiation by 
H2, CO, and No, at temperatures from 200°C to 700°C, has been investigated with a two-fold 
purpose: (1) the determination of the dependence of the quenching upon the temperature, and 
(2) the determination of the reactions occurring in the quenching process by each gas. Accurate 
quantitative measurements of the quenching were made possible by improved equipment and 
technique. Quenching by Hz was found to be independent of the temperature, and to consist of 
a two-step process; hence action radii of 2*P; Hg atoms calculated upon the basis of a one-step 
process have little actual meaning. Quenching by CO and by N2 was found to decrease with 
increase in temperature, and the process of quenching to be very complicated. Equations were 
derived which fit the experimental curves within experimental error (2% for Hz and CO, 5% 
for N2). For CO and N, the processes occurring were determined, but not their individual prob- 
abilities. In the case of H2, the probability of each process of the reaction was evaluated. 


63. Collisions of the second kind involving ionization and excitation. K. B. THOMSON AND 
O. S. DUFFENDACK, University of Michigan.—A study has been made of the excitation of spark 
levels in metallic atoms by collisions of the second kind with rare gas ions, as a function of the 
energy discrepancy. The enhancement of the relative populations of certain levels, with respect 
to their populations in a “normal” discharge was measured by comparing the relative intensities 
of lines originating in these levels in the two types of excitation. The relative intensities were 
measured by a modification of Hansen’s step-diaphragm method. A small diaphragm was made, 
for which the ratio of the widths of successive steps was 1.5. There were 6 steps in all, and the 
widest was 3 mm. Intensity markers were placed on the plates by replacing the slit of the spec- 
trograph with this diaphragm and photographing the continuous spectrum from a condensed 
aluminium or magnesium spark in hydrogen. The results show that, while in general the 
probability of excitation of a level increases as the discrepancy between the level (measured 
from the normal atom) and the ionization potential of the rare gas atom decreases, there are 
exceptions to this rule. In certain cases, where a triplet level and a singlet level had about the 
same discrepancy, the triplet level was distinctly preferred. Anomalous results were also ob- 
tained for the d® 6s levels of silver. 


64. Electron temperatures and the concentration of excited atoms in a caesium positive 
column. F. L. MonLer, Bureau of Standards..-Probe measurements in the positive column of a 
caesium discharge give the electron energy, electron concentration, the power input per cm, and 
the power loss by flow of ions to the walls. The power input under low pressure low current con- 
ditions must be largely accounted for by inelastic collisions at the first resonance potential and 
the measurements give a value of the effective collision area of about 5 X10~" cm?. With high 
currents and pressures the power loss by inelastic collision would be many times the power 
input except for the fact that collisions of the second kind give back the excitation energy to the 
electrons. The concentration of excited atoms must then be nearly equal to the equilibrium con- 
centration for a temperature equal to the electron temperature. This conclusion has been 
checked by photographing the spectrum of a strip lamp as viewed through the discharge tube 
and finding the lamp temperature at which the resonance lines disappear. The lamp tempera- 
tures are in general slightly less than the electron temperatures though the difference is scarcely 
more than the experimental error. This shows that there is nearly an equilibrium between the 
electrons and the first excited state. 


65. The angular distribution of electrons scattered elastically and inelastically in mercury 
vapor. JoHN T. TATE AND R. RONALD PALMER, University of Minnesota.—A long electron gun 
was mounted to rotate about a well-shielded scattering region from which electrons scattered by 
gas molecules through a definite angle from a beam of small cross-section were collected, and 
their velocities determined, by a stationary collector containing an efficient Faraday cage, 6.0 
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cm in length. Angular distribution curves for electrons scattered elastically, for electrons scat- 
tered at excitation of the atom (mainly 6.7 volt energy loss), and for electrons resulting from 
ionizing impacts are presented for 80, 120, 230, 490, and 700 volt electrons. In general, for a 
particular group the curves are steeper the higher the velocity of the incident electrons. The 
curves for the elastic group show a diffraction at large angles, and the positions of the peaks 
agree well with those found by Arnot. The curves for the excitation group are much steeper 
than are those for the elastic group, and fall to very small values at large angles. The curves for 
the ionization group are also steeper but not so steep as the excitation group. The ionization 
group is divided into sections and further characteristics are observed. Numerical integration of 
these curves gives the cross-sectional area for collision, the efficiency of ionization, and the 
efficiency of excitation for electron impact. 


66. Polarization of radiation from metals bombarded by slow electrons. C. BoECKNER, 
Bureau of Standards.—A metal electrode in a gas discharge (Cs vapor) when drawing large elec- 
tron currents has been found to emit radiation having a continuous spectrum throughout the 
visible and ultraviolet. Since the direction of motion of the bombarding electrons is normal to 
the surface, one might expect from analogy to continuous x-rays that the radiation should be 
more intense for oblique angles of emission and should be partially polarized. This was found 
to be the case for both tungsten and platinum. Light polarized with the electric vector in the 
plane of emission is about three times more intense when observed at 60° to the normal than 
when observed in a direction normal to the electrode surface. The intensity with the electric 
vector perpendicular to the plane of emission was approximately independent of the angle of 
emission. From measurements made on electrodes heated to incandescence it was found that the 
intensity of the thermal radiation varied only slowly with angle for both directions of polariza- 
tion. This latter fact renders it difficult to explain the intensity relations by considerations in- 
volving the optical properties of the metal. 


67. Influence of the electrical discharge on the secondary emission from the cathode. 
WitFrip J. Jackson, New Jersey College for Women, Rutgers University, New Brunswick, New 
Jersey.—Measurements have been made, using the same apparatus as described by Jackson, 
(Phys. Rev. 30, 473 (1927)), on the secondary emission from a molybdenum cathode as influ- 
enced by the electrical discharge in hydrogen at low pressure. The secondary emission from the 
Mo target, which had not been heat treated, increased from about 1% at 250 volts to 14% at 
750 volts when bombarded by K* ions, and showed a marked decrease after a discharge in 
hydrogen had been passed for 5 minutes using the Mo target as cathode. In the latter case the 
emission could not be detected for positive ion velocities less than 400 volts and reached a value 
of about 4% at 750 volts. The gas was pumped out and the pressure reduced to about 10-> mm. 
of mercury in all cases before measurements were taken. The general aspects of these results are 
in agreement with results published by Campan, (Physik. Zeit. 23, 593 (1931)). Work is in 
progress using other targets and gases. 


68. Measurement and observation of vacuum conditions in finished (sealed-off) vacuum 
tubes, incandescent lamps and gas discharge devices. HENRY J. MILLER, Emporium, Pa.— 
Direct current and alternating current measuring methods employing audio and radio frequen- 
cies are described which are used to determine the degree of vacuum as well as to study the 
changes of vacuum occurring in sealed off vacuum and gas filled electrical devices. An attempt 
is made to show that the type of exhaust and the kind of getter employed to produce the vacuum 
has a definite influence upon the vacuum characteristics as determined by the methods which 
are described. Special reference is made to the use of the abnormal shot effect for the purpose of 
determining vacuum conditions in radio receiving tubes. 


69. Effect of a glass target on cold emission. WILLARD H. Bennett, Mendenhall Labora- 
tory of Physics, Ohio State University —Using the method described previously, (Phys. Rev. 39, 
182 (1932)) emission from a cold cathode was directed at a glass disk in a magnetic field. 
Behavior of the emission shows that a stream of positives from the glass target follows the elec- 
tron stream back to the cathode. This stream of positives persists indefinitely and the spot on 
the glass where the electrons strike deteriorates slowly. The observation regarding the abun- 
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dance of this supply of positives and its effect on the severity of breakdown confirms the theory 
of breakdown offered previously. It further shows that in the design of high voltage tubes, it is 
not sufficient to degas the electrodes but one must give careful consideration to the effect of the 
possible targets of small emission currents on possible breakdown. A tube intended to be used in 
investigations on atomic disintegrations is to be built at this laboratory using the principles 
arrived at in the work on cold emission. 


70. The disappearance of gas in discharge tubes. ALBERT W. HULL AND E. E. BuRGER, 
General Electric Co., Schenectady, N. Y.—These experiments were undertaken to test the hy- 
pothesis, for which there was experimental evidence, that the disappearance of noble gases in 
an electric discharge is due to penetration of the ions into the cathode surface, whence they dif- 
fuse very slowly. An arc plasma was drawn into the annular space between well degassed metal 
cylinders, one of which was charged to negative voltages up to 1000. The rate of disappearance 
of gas, at constant pressure and voltage, was found to decrease as the total amount absorbed 
increased, indicating saturation. Nearly all of this gas could be recovered by heating the elec- 
trode, which also restored the initial rate of cleanup. The following evidence, however, indicates 
that part of the cleanup is of a different nature: 1st. The greater the amount cleaned up, the 
smaller is the fraction that can be recovered. 2nd. When the two cylinders are heated sepa- 
rately, it is found that the external cylinder, which received the sputtered deposit, also contains 
absorbed gas, in general more than the negatively charged cylinder. It is concluded that gas 
disappears both by penetration into the cathode and by adsorption on the sputtered deposit. 


71. Measurements of small currents using pliotron tubes. L. R. Harstap, Johns Hopkins 
University and Department of Terrestrial Magnetism, Carnegie Institution of Washington. (Intro- 
duced by J. A. Bearden.)—The sensitivity of the single-tube circuit using the FP-54 Pliotron was 
considerably increased by mounting the tube in a vacuum, keeping the batteries at constant 
temperature and, following Professor Ruark, operating the tube with the floating control grid 
initially at its equilibrium potential. The limiting fluctuations apparently inherent in the tube 
itself were determined by using extreme precautions with the batteries and accessory apparatus 
and were reported at the Cambridge meeting. For the photographic recording of alpha- and 
H-particles over long periods of time only moderate sensitivities are required but the steady 
drift must be made small. A completely new set was assembled for the above purpose in which 
drifts of less than 10 mm per hour were obtained by means of a loaded counter-cell. With 
ordinary precautions and with low film speed (20 centimeters per hour) a sensitivity of 400 elec- 
trons per millimeter shows small fluctuations of about 2 mm in 30 seconds. Slow deviations as 
large as 8 mm in three minutes also appear but these cannot be confused with pulses such as are 
produced by particles when the ionization-chamber is connected. This represents a practical 
sensitivity which is directly attainable. 


72. Evaporation and migration of thorium on tungsten. WALTER H. Brattain, Bell 
Telephone Laboratories, Inc.—The work reported in abstract (Phys. Rev. 35, 1431 (1930)), was 
continued. Thorium evaporates from a tungsten surface at an appreciable rate at 2200°K. The 
evaporation rate depends on the temperature and the fraction of the surface covered (f). Except 
for small values of f<.2 the rate of evaporation is approximately an exponential function of f. 
The rates of evaporation determined by Langmuir, (Phys. Rev. 22, 357 (1923)) and Andrews, 
(Phys. Rev. 33, 454 (1929)), are comparable with the above results when account is taken of the 
difference between Langmuir’s parameter @ and our f. It was found that thorium could be 
deposited on one side of a tungsten ribbon and then made to migrate to the other side by flash- 
ing the tungsten ribbon at 1535°K. to 1655°K. This could be done without loss of thorium due 
to evaporation. The thorium lost from the front side Af, was always equal to the amount gained 
by the back Af. This constitutes a proof that f is proportional to the amount on the surface. 
The rates of migration were determined at 1535°K. and 1655°K. They depend on the difference 
in concentration (f; —f2) in much the same way as the rate of evaporation depends on f. 


73. The emission of positive ions from heated metals. LERoy L. Barnes, Cornell University. 
—Filaments of iron and nickel have been heated in a mass spectrograph, and at temperatures 
just below their melting points it is found that singly charged atoms of iron and nickel are 
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emitted. Similar attempts to obtain positive ions of platinum, uranium and thorium have not 
met with success. Rhodium and columbium ions have been obtained, which is in agreement | with 
the results already reported by H. B. Wahlin. 


74. On thermionic currents limited by pure electron space charge. Everett W. THATCHER, 
Union College, Schenectady, N. Y.—Work has been continued on the damping of thermionic 
emission variations with increasing space charge (See Phys. Rev. 39, 474 (1932)) and subse- 
quent letter to the editor). Further evidence has been obtained that the depression of shot 
effect in pure electron space charge is given by 


Ve (*) - (sy 
V2 ~* i Oi E=const 


where io is the space current collected at the anode and i the total emission current. to/i 
characterizes the space charge situation in the tube. It has been found expedient to represent 
this ratio by a new tube parameter P for which has been coined the term “static receptance.” 
Similar coefficients may be defined to refer to the limitation of current by space charge at each 
stage in its passage through the multi-electrode tube. (P,,;, the grid filament receptance, being 
the ratio of the electron current reaching the grid region to that emitted from the filament, etc. 
A consistent convention has been adopted for the coefficient 6%9/67; which might be called in 
conformity with established nomenclature the dynamic (or A.C.) receptance. Data will be 
presented extending the range of previous measurements on the dependence of the dynamic 
receptance upon the static receptance. This relation provides the basis for predictions of actual 
space charge fluctuation levels where experimental difficulties have prevented exact determina- 
tion. These parameters, incidentally, seem to have some promise of becoming powerful tools 
in thermionic current analysis. Their properties are under further investigation. 





75. Photo electric emission from different metals. H.C. RenrscHLeR, D. E. HENRY AND 
K. O. Smirn. Research Laboratory, Westinghouse Lamp Co., Bloomfield, N. J~—-A method was 
developed for preparing surfaces of any metal from which the photoelectric sensitivity of the 
metal was measured. The metals tested are Thorium, Uranium, Titanium, Zirconium, Cerium, 
Tantalum, Tungsten, Copper, Silver, Magnesium, Aluminum, Cadmium, Zinc, Calcium and 
Barium. For Tungsten and Tantalum the values of the photo electric work function here ob- 
tained agree with the values of the Thermionic work function obtained by Dushman. For Thor- 
ium, Calcium, Uranium and Zirconium the values of the photoelectric work function are 
considerably higher than the thermionic values for thin coatings of the corresponding metals 
on Tungsten. The photoelectric threshold wave-length for Barium metal is considerably shorter 
than that for Barium oxide coated cathodes commonly used in radio tubes and similar devices 


76. Mass spectrograph study of the ionization and dissociation of benzene by electron 
impact. ErNEsT G. LINDER, Cornell University.--Benzene (CgH¢) has been analyzed by a mass 
spectrograph designed especially for use with large molecules. lons have been found contain- 
ing carbon in amounts from C, to C;, with various amounts of hydrogen attached. The prin- 
cipal primary ion for 120-volt electrons appears to be CsH;*, this constituting about 50 per- 
cent of all the ions. The C, group makes up about 20 percent, and the C; group about 8 per- 
cent. By varying the pressure it has been shown that dissociation by collision with other 
molecules occurs, H atoms being stripped from the carbon ring. Molecules such as CsH* and 
C,* are apparently thus produced. No H* ions have been detected. The results confirm the 
stability of the benzene ring found in thermal dissociation studies. The ring does not break 
up under electron impact as readily as do straight chain molecules such as the n-paraffins 
studied with the mass spectrograph by Stewart and Olson (J.A.C.S., 53, 1236 (1931)). 


77. Probe measurements on arcs at atmospheric pressure. R. C. Mason, Westinghouse 
Elec. & Mfg. Co., East Pittsburgh.—Small probe wires, 5 to 20 mils in diameter, moving at 
constant velocity, were used to study a low current carbon arc in air at atmospheric pressure; 
the currents and voltages were recorded by an oscillograph. The arc voltage increased 3 to 
12 volts maximum when the probe was in the arc, independent of the potential applied to the 
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probe. The maximum increase in arc voltage, with probes of different sizes and shapes, did 
not vary greatly with probe velocity, between 10 and 100 cm/sec., but was an increasing 
function of the probe perimeter. A dark space, of diameter two to three times that of the probe 
wire, surrounded the probe, indicating that the state of ionization near the wire was not the 
same as in adjacent parts of the arc. As the space charge sheaths around the probe are smaller 
than the dark space, it seems probable that the usual Langmuir probe determination of space 
potential, ion density, and electron temperature (cf. Nottingham, Jour. Franklin Inst. 206, 
43, (1928); 207, 299, (1929); Bramhall, Phil. Mag. 13, 682, (1932)) will not give the character- 
istics of an arc undisturbed by the measuring probe. 


78. The intermediate free path case in the theory of a plasma. Lewi Tonks, General 
Electric Co., Schenectady, N. Y.—A theory of ion motions and potential distribution in the 
uniform positive column has been developed by Tonks and Langmuir, (Phys. Rev. 34, 876 
(1929)), for both the case where an ion generated in the gas falls without collision to the wall, 
and for the (Schottky) case where the ion velocity is proportional to field strength. The case 
of velocity @ (field)? was touched upon but was thought to be unimportant. It now appears 
that in a mercury arc this neglected case is of prime importance from 5 to 30 baryes pressure 
and perhaps higher. From measurements of arc gradient, electron temperature, and positive 
ion current to the wall in the pressure range cited, values of arc current and electron density 
have been calculated which check with the more directly observed values in a fairly satisfac- 
tory way, and check far better than values calculated on either of the other two bases. 


79. Further experimental data on the electrostatic and magnetic components in the 
electrodeless discharge. CuAs. T. Kn1pP AND V. M. Situ, University of Illinois ——About a 
year ago the senior author published photographs (Phys. Rev. 37, 6 (1931)) showing the rela- 
tive intensities of the discharge due to the two fields. These fields acted through the interven- 
ing glass walls of the discharge vessel. Since then four discharge tubes have been constructed 
of 12 liter Pyrex flasks, with internal energizing coils of No. 8 Cu wire placed as follows: First 
with a coil of 14 turns and 11 cm diameter, second with a coil of 7 turns similarly placed, 
third a coil of 1 turn, and fourth with no internal energizing coil. In addition to the above 
there was placed on the outside round the equator of each flask, with the plane parallel to 
the inner coil, an energizing coil of No. 10 flexible copper wire consisting of 3 turns. Switches 
were provided for making various connections. Thus the gas within a given flask could be 
excited at will, internally, externally, or with the exciting coils in conjunction, or in opposi- 
tion. The four flasks were connected through the same manifold to a pressure gauge, and to 
the exhausting pumps. Liquid air traps were used and provision was made for introducing 
different gases. With this arrangement numerous photographs of the discharge were made 
which form the subject of this report. 


80. The number of Langevin ions in the free atmosphere at Washington, D. C. G. R. Wait 
AND O. W. TorRESON. Department of Terrestrial Magnetism, Carnegie Institution of Washing- 
ton.—An apparatus for continuously recording the number of large ions in the free atmosphere 
has been in operation near the northern boundary of Rock Creek Park since the beginning of 
March, 1932. Ions having a mobility between 0.3 and 0.0004 cm/sec/volt/cm have been 
included in the count, experiment having shown that practically all Langevin ions in this 
locality have a mobility greater than the lower limit. The results from twelve complete days 
of observation of positive ions, give an average value of 5000 per cc. The average value for 
the day varies from about 2000 to 6000 per cc. The largest hourly value obtained since re- 
cording began is about 16000 per cc. A definite diurnal variation has been found, with two 
maxima, one shortly after sunrise and the other about twelve hours later, the average diurnal 
range being from about 3000 to 6000 per cc. 


81. Features of the current-system of the upper atmosphere as revealed by the diurnal 
magnetic variations at Huancayo, Peru. A. G. McNisu, Department of Terrestrial Magnetism, 
Carnegie Institution. (Introduced by G. R. Wait.)—The solar diurnal magnetic variation 
(designated by S) as recorded at the Huancayo, Peru, Magnetic Observatory of the Carnegie 
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Institution of Washington, exhibits a marked difference from that computed for the Observ- 
atory from the spherical harmonic coefficients of S as derived by Chapman in 1919. Particu- 
larly, the observed north-force component of S exceeds this computed value by a factor of 
three. Assuming that S is due to currents flowing in the upper atmosphere, this difference is 
explained on the assumption of a more dense current-flow over the western hemisphere, with 
a particular crowding of the lines of flow over northern South America as is to be expected 
because of the southward displacement of the magnetic equator in the western hemisphere. 
Thus this apparent anomaly is quite consistent with the current-theory. On the other hand, 
if S is due to diamagnetic effects, as suggested by Gunn, the observed north component of S 
at Huancayo should exceed that computed from Chapman's coefficients by a factor of less 
than four-thirds, instead of a factor of three as is observed. 


82. Ultraviolet transmission of the atmosphere. R. S. Rockwoop, University of New 
Mexico AND R. A. Sawyer, University of Michigan.—Using a thermocouple and a silvered 
corex filter, which transmits a narrow band of radiation near \3200, observations have been 
made of the intensity of ultra-violet solar radiation reaching the earth. Simultaneous measure- 
ments were made on the campus of the University of New Mexico, altitude 5100 feet, and at 
stations at various altitudes up to 10,300 feet in nearby mountains. Data was taken on clear 
days in late fall when atmospheric conditions are most stable and the amount of water vapor 
is small and constant. The atmospheric absorption coefficients calculated for each observation 
were plotted for each altitude against the quantity of water in the light path, calculated from 
the observed vapor pressure by Hann's equation. Extrapolation to zero water gave an absorp- 
tion coefficient for unit air mass which varied but little with altitude and agreed within the 
experimental accuracy with that calculated from Rayleigh’s molecular scattering formula, 
indicating that in dry, clean air molecular scattering is sufficient to account for the depletion 
of solar radiation at 43200. 


83. Visibility in New York City. MorGan T. Ritey, National Conference Board on Sanita- 
tion. (Introduced by H. H. Sheldon.)—As dust increases visibility decreases by the equation 
583D7*-°s8—V=0. As relative humidity increases visibility decreases by the equation 
102.08 —6.81 /—H=0. The joint effect of dust and relative humidity was analyzed into their 
separate effects. The dust count was held constant and visibility measured at increasing rela- 
tive humidities. In its turn relative humidity was held constant and visibility measured at 
increasing dust counts. Along a diagonal drawn through the table visibilities are equal with 
an addition of 10,000 dust particles per cubic foot and a subtraction of 10% relative humidity 
Above this diagonal subtraction of 10,000 dust and addition of 10% relative humidity gives 
a visibility that is better. Here therefore dust was more potent. Below the diagonal addition 
of 10% relative humidity and subtraction of 10,000 dust particles gave poorer visibilities. 
The proportion of days above the diagonal when dust was more important was 54.2%, of 
days below the line when relative humidity was more important was 37.0%, while 8.8% of 
the days found the addition of 10,000 dust particles per cubic foot and the subtraction of 
10% relative humidity of equal effect upon visibility. These values can be made the measure 
of the success of a smoke campaign. 


84. Diffusion technique for the separation of the isotopes of hydrogen. R. M. LANGER, 
University of Minnesota.—It is easy after some experience with the problem to understand why 
Stern and Volmer (Ann. d. Physik 59, 225, 1919) failed to find evidence for the isotope of 
hydrogen recently discovered by Urey, Brickwedde and Murphy. Their technique can be 
very greatly improved and by a modification of their method it is hoped that an apparatus 
can be developed which will be more economical and more convenient than the counter- 
diffusion process favored by U., B. and M.,—at least for small increases in the concentration 
of the heavier isotope. By far the most promising permeable material is paper. The number 
x of molecules of a gas of molecular weight M passing in one second through unit area of a 
paper sample subject to a pressure difference of 1 dyne/cm? can be fairly represented by the 
sum «=a/(M)"/?+-» where @ and X are practically independent of M. The first term is the 
desirable diffusion component and the second a wasteful leak. At atmospheric pressure in 
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H2 a typical bond paper might have a value of «=10'. Of this \ might be about 25%. Other 
papers have sometimes a hundred times smaller value of « and nevertheless about the same 
value of A/x. Other substances such as rubber, cellophane, parchment, porcelain are prac- 
tically hopeless for several reasons, besides being exceedingly slow compared with paper. 


85. Helium filled G. M. tube counters. J. A. BEARDEN AND C. L. Haines, Johns Hopkins 
University.-The operation of the Geiger-Muller tube counter filled with air at a pressure of 
3 to 7 cm of mercury is well known. In the present work it has been found that similarly 
constructed counters filled with helium at pressures from 10 to 76 cm of mercury will operate 
at slightly higher voltages. The sensitivity of the helium filled counters for gamma-rays ap- 
pears to be somewhat higher than that of the air filled counters. The principal advantages of 
the present counters are: first, counters can be constructed using extremely thin windows for 
recording @ and 8-rays; second, by using a low helium pressure the counters will operate at a 
very low voltage; third, the range of the working voltage is greater. Counters have been oper- 
ated for several weeks without any change in sensitivity or operating voltage. It has also been 
found that a single stage amplifier connected to a cathode ray tube is a satisfactory method 
for observing the counts. 


86. A cloud expansion chamber for automatically photographing the tracks of corpuscular 
cosmic rays. THOMAs H. JoHNson, WILLIS FLEISHER, JR. AND J. C. Street, Bartol Research 
Foundation of the Franklin Institute-—An expansion chamber of new design, operating con- 
tinuously, is illuminated by photoflash lamps exploded by the coincident discharge of two 
Geiger-Mueller counters placed above and below the chamber. (See Abstract No. 87 of this 
program.) The illumination takes place only if the coincident discharge of the counters occurs 
during the sensitive interval of the chamber. The circuits are arranged so that the sensitive 
period as well as the delay of the flash after the coincidence can be varied. A large percentage 
of the photographs obtained with this apparatus contain straight tracks in the line of the 
counters. The chamber operates at pressures above atmospheric with controls on both ex- 
pansion ratio and rate of expansion. The laboratory supply of compressed air with a device 
for accurately controlling the pressure is used to operate the chamber. Three chambers operat- 
ing simultaneously are being constructed for studying cosmic ray tracks over extended lengths 
of their paths. 


87. Experiments on the corpuscular cosmic radiation. J. C. SrreeT AND THomas H. 
Jounson, Bartol Research Foundation of The Franklin Institute—A new vacuum-tube circuit 
for recording coincident discharges of two or more Geiger-Mueller counters has been developed 
with improvements as regards the sensitivity, resolving time and variability of counting rate. 
The number of accidental coincidences from two counters having individual counting rates 
of 90 per minute is 2.5+0.5 per hour, corresponding to a resolving time r=1.5 X10~ secs. 
The number of real coincidences corresponds to 7.3107 per cm? per unit solid angle per 








Cm. of lead | 0 1 2 5 8 


Coincidences per 
min. 1.61+ .03 1.68 + .03 1.64+ .03 1.54+ .02 1.45+ .03 


Percent change due 
to lead --- +4.4 +1.5 —4.4 —10 

















second with uncertainties because of end effects and an unknown but finite recovery time of 
the counters. This is from two to three times the number reported by former observers and 
yields the more satisfactory value of 98 ions per centimeter of path when used in conjunction 
with Millikan’s latest value of the ionization in an electroscope. The effect of lead placed 
above the counters has been measured with the results and probable errors shown in the table. 
The increase with small thicknesses of lead is in agreement with Schindler. The ratio of co- 
incidences at 45° to those in the vertical direction is 0.41+0.04. 

(The authors hope to demonstrate a new portable apparatus making a continuous record 
of the cosmic radiation throughout the period of the meetings.) 
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88. The direct detection of individual cosmic rays. W. F. G. SWANN AND J. C. STREET, 
Bartol Research Foundation of The Franklin Institute-—The cosmic-ray ionization current was 
measured in an iron tube 15 feet long, 6 inches internal diameter, filled with nitrogen to a 
high pressure, and with suitable devices for compensating potential fluctuations and for balanc- 
ing out the main part of the ionization current. Data for the ionization by a single cosmic ray 
vary from 20 to 250 ions per centimeter of path. On the basis of 100 ions per centimeter of 
path, a cosmic ray, traveling the whole length of the above tube, would produce about 4 x 10* 
ions, and would result in a spurt of ionization current twenty times that caused by an alpha 
particle, so that it would be distinguishable unambiguously from such spurts. Data obtained 
from Geiger counters have indicated that 7 <10~* cosmic rays pass through one square cen- 
timeter per second, having come within unit solid angle. On this basis, the above tube should 
show spurts corresponding to cosmic rays traveling the whole length, about 4 times per hour. 
Spurts have been observed and recorded in about the expected amount and frequency. Associ- 
ated with them, moreover, are a few spurts of larger amounts, having characteristics suggestive 
of their source having originated in the gas. 


89. Diffraction of low-speed electrons by a gold crystal. H. E. FARNswortn, Brown 
University—A previous investigation of electron diffraction by a silver crystal, for normal 
incidence on a (100) face (to appear shortly in Phys. Rev.), showed that, in general, each 
observed diffraction beam, between 0 and 325 volts, is made up of several components of fine 
structure. As the angle of incidence was changed from normal in small steps, the relative in- 
tensities of the components of any one beam changed enormously. The components which 
are present for normal incidence may disappear and others appear at angles of incidence a 
few degrees from normal. For each beam there is a certain angle of incidence at which the most 
intense component attains its maximum value. No exact correspondence between the charac- 
teristics of the various beams was found. We are now obtaining similar observations for a gold 
crystal. A fine structure is also observed for these beams. The intensities of the components are 
also very sensitive to a change in the angle of incidence, but the particular characteristics of 
any one beam differ considerably from those of the corresponding beam for silver. This is 
particularly significant since gold and silver have the same lattice structure and also the same 
lattice constant to within 0.4 percent. 


90. Reflection of molecular beams of the rare gases from alkali halide crystals. R. M. 
ZABEL, University of Jowa.—Evidence of diffraction phenomena has been found in the reflection 
of helium from sodium chloride crystals in agreement with the results obtained by Estermann 
and Stern (Zeit. f. Phy. 61, 95, (1930)). Argon reflected from sodium chloride gives a diffuse 
reflected beam closer to the normal than the expected position of a specular beam. The results 
obtained in the reflection of argon from sodium chloride are similar to those obtained for 
mercury reflected from the same surface by Zahl and Ellett (Phys. Rev. 38, 977 (1931)). 
Present evidence indicates that argon incident upon lithium fluoride gives rise to relatively 
less directed and more diffuse scattering than it does when incident upon sodium chloride. 


91. Reflection of mercury atoms from lithium fluoride crystals. R. R. Hancox anp A. 
E.LLett, State University of Jowa.—The scattering of a molecular beam of mercury by a 
lithium fluoride crystal is studied as a function of crystal and beam temperature. A quasi- 
specular beam of the type observed by Zahl (H. A. Zahl, Phys. Rev., pp. 977, Vol. 38 (1931)) 
for other alkali halide crystals is obtained here, with the same characteristic temperature 
changes. 


92. Reflection of beams of Tl, Sb, and Pb from a sodium chloride crystal.—J. M. B. 
KELLOGG, State University of lowa.—Directed beams of atoms of Tl, Sb, and Pb reflected 
from a freshly cleaved crystal surface of Sodium Chloride have been observed. In the case 
of Tl, Pb, and Sb at small angles of incidence the reflection is specular. For Sb incident at a 
grazing angle of 50° the reflected beam shows a deviation from the specular path in a direction 
away from the normal. 
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93. Mean free paths of gases. Joun A. ELpripGE, State University of Iowa.—A molecular 
beam passes through a chamber enclosing gas at low pressure. The emergent beam is measured 
on a Pirani gauge. The question has been raised whether a collision in the classical sense has 
any meaning, without specification of the angle of scattering considered. As a preliminary 
experiment it was determined that the molecules suffering very small deviations (less than a 
degree) were negligible in number. The mean free paths of Hz, He, No, O2, molecules have been 
measured; in each case the values found are smaller (by several fold) than the values deter- 
mined indirectly from kinetic theory. The difference is probably due to neglect of the persist- 
ence of velocity in the kinetic theory. 


94. Motion of K* ions in mercury vapor. CArL FriscHe, State University of Iowa.— 
Ionization by positive ion impact was studied in A, Ne, Ne, CO, and He at voltages up to 
4000 volts and the results seem to check with those of Sutton, (Phys. Rev., 33, 363 (1929)) 
and Beeck (Ann. d. Phys. 6, 8, 1001, (1930)), where ever a check was possible. When the work 
was extended to an element heavier than K* i.e., mercury, the results are more complicated. 
The evidence seems to indicate; (a) reflection of K* ions at all voltages, (b) an increase in 
mean free path with increase in voltage, (c) no ionization below 250 volts but above 250-350 
volts ionization increases with the voltage. 


95. Magnetic units. A. E. Kennecty, Harvard University.—The International Electro- 
technical Commission (I.E.C.) through its Advisory Committee on Nomenclature, after three 
years of international discussion over certain perplexing ambiguities, all over the world, in 
the use of the C.G.S. magnetic unit names, brought in a unanimous report to the I.E.C. 
Plenary Meeting at Oslo, in 1930, recommending the following names for C.G.S. magnetic 
units: gilbert for magnetomotive force 7, oersted for magnetizing force H, maxwell for flux ®, 
and gauss for flux density B. The Oslo meeting accepted these recommendations unanimously. 
At an international committee meeting in London, last September, they were reviewed and 
reindorsed. It would seem that if these resolutions continue to be generally accepted, the con- 
fusion that has existed in C.G.S. magnetic unitology, for over thirty years, shoulc be ended. 
Practically all magnetic literature, at present, is written in C.G.S. magnetic units, bit de- 
mands of lesser urgency have been made for completing the practical, or volt-ampere-ohm 
system of units in the magnetic series. This is a matter in which the I.E.C. has expressed a 
desire that the International Physical Union (I.P.U.) should participate. It is hoped that the 
American Physical Society may formulate opinions on this difficult question, which can only 
be finally settled by international agreement. Two outstanding questions seem to stand in 
the way of assigning further unit magnitudes in the practical magnetic system: (a) Should 
the system be “subrationalized?” Specifically, should the mmf of a coil of N turns, carrying a 
steady current of J amperes, be 47. NJ, or simply NJ? (b) Should the flux density B be referred 
to the square quadrant, the square meter, or the square centimeter? On both of these questions 
there is much difference of opinion in all countries. Arguments are presented on both sides. 


96. Electromagnetic equations and systems of units. Leigh Pacr, Yale University.— 
Most of the suggestions for a more convenient system of electrical units have ignored the far 
more important question of the form of the fundamental equations of electromagnetism. These 
equations are written in their most general form and the following criteria are proposed: (1) 
There should be only one set of fundamental equations in place of the three or four used at 
present; (2) There should be two systems of units, one c.g.s. for the physicist and one practical 
for the engineer, both systems using the same set of fundamental equations; (3) The eight 
internationally recognized units (joule, watt, coulomb, ampere, volt, ohm, farad, henry) 
should be retained in the practical system; (4) The fundamental equations should be symmetri- 
cal in form. It is shown that these criteria can be fulfilled in an infinite variety of ways, of 
which the simplest is that which employs the Heaviside-Lorentz set of equations. For this set 
of equations the eight internationally recognized units are retained in the practical system 
provided e~*(10)—!® gm, &(10)'8 cm, and 1 sec. are chosen as units of mass, length, and time 
respectively, where «=1.06275. The system of units proposed by Kennelly (Proc. Nat. Acad. 
Sci. 17, 147 (1931)) is shown to lead to a much more complicated set of fundamental equations. 
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97. A general theory of electric and magnetic units. VLADIMIR KARAPETOFF, Cornell 
University —The fundamental electric, magnetic, and electromagnetic relationships may be 
written in a general system of units such that they may be obtained in any existing or future 
system of units by assigning certain values to five parameters (which have nothing to do with 
the choice of units of length, mass, or time). These parameters are as follows: (1) The ratio 
between the actual electrostatic flux.and the so-called geometric flux; (2) Same for the mag- 
netic flux; (3) A factor which converts a volume of current into the corresponding m.m.f.; 
(4) The absolute permittivity of vacuum; (5) The absolute permeability of vacuum. These 
five parameters must satisfy the condition that the velocity of electromagnetic waves in 
vacuum is a given quantity. A choice of four parameters fixes a type of system of units; by 
assigning some definite values to three non-electrical quantities, for example, units of length, 
time, and mass, a specific system of that type is obtained. A new system of units may be de- 
vised out of the general system, to satisfy some given specifications. The complete paper has 
been accepted for presentation before the American Institute of Electrical Engineers and is 
to be published in their Transactions. 


98. Three superfluous systems of electromagnetic units. GEorGE A. CAMPBELL, American 
Telephone and Telegraph Co., New York.—In Nature, for March 5, a reviewer says: “Future 
students will apparently have to learn not only the electromagnetic and the electrostatic 
systems of units, but also the Heaviside-Lorentz system.” These three systems are added to 
the practical system. Would it not be far better for future students to learn that they will 
need but one system of units for both practical and theoretical work as engineers or scientists; 
that this universal system includes the meter, second, watt, volt, and other basic units which 
they have been using as home electricians and radio amateurs; that when they come to read 
the older electromagnetic literature, it will be unnecessary to learn to use the three obsolete 
systems of units, because it will be simpler to translate anomalous units into the one compre- 
hensive, coherent system by using a conversion table? Since the answers seem to be emphati- 
cally in the affirmative, it follows that international magnetic units should be added to the 
mechanical and electrical units to form a complete, rational system, coherent with the meter, 
kilogram, second and international ohm. It would be most unfortunate if transition difficulties, 
real or imaginary, are allowed to discourage the early formulation of supporting opinion, 


99. The mosaic structure in metal crystals. A. Gortz, California Institute of Technology. 


100. On newly discovered effects in ferromagnetic crystals. FRaNcis Bitter, Westing- 
house Elec. & Mfg. Co. 


101. Hall effect versus intensity of magnetization. Emerson M. PuGu ano T. W. Lippert, 
Carnegie Institute of Technology.—Previously reported work has shown that in two ferromag- 
netic materials, the Hall e.m.f. is a linear function of the intensity of magnetization (B-H), 
rather than of B or H alone. Recent investigations employing much improved apparatus with 
consequently increased accuracy show that such a linear relationship is definite in four addi- 
tional materials, whether the specimen was annealed, quenched or baked, both on the virgin 
curve and on all succeeding hysteresis loops. This relation is particularly striking in the case 
of a slightly ferromagnetic alloy (Fe 70%, Ni 30%) in which the H was sometimes more than 
half of B, whereas in other materials H was never more than 5% of B. To obtain the required 
accuracy it was necessary to employ a new method of determining H. 


102. Kerr effect and molecular field in rochelle salt. Hans MiLier, Massachusetts 
Institute of Technology—Measurements of the Kerr effect in rochelle salt between — 20°C 
and 25°C give for fields above 200 volt/cm a linear relation between change of double refrac- 
tion and electric field in the a-direction of the crystal, though reversing the field does not 
reverse the effect. This behaviour can be explained with help of the electric field of the oriented 
dipoles which are responsible for the anomalous dielectric properties. With a field of 200 volt /cm 
the orientation and the molecular field reach saturation. The molecular field is very large com- 
pared to the applied fields and since the Kerr effect is proportional to the square of the sum 
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of both fields the effect appears to be linear with the applied field. From the data we estimate 
a molecular field of 4-8 million volt/cm and a “true” Kerr constant between 107" and 2107" 
cm'/erg, both varying with temperature. These values are of a reasonable order of magnitude. 
The molecular field corresponds to an average distance of 4 A between the dipoles, while the 
average distance between the water molecules in the crystal is 4.04 A. 


103. The variation in the Kerr electro-optical constant of nitrobenzene with temperature 
near a transition point. (9.6°C.) HERBERT TROTTER, JR., University of Virginia (Introduced by 
J. W. Beams).—Wolfke and Mazur (Nature 127, 741 (1931); 128, 584 (1931)) have observed 
a distinct transition point in liquid nitrobenzene at 9.6°C. They note an abrupt change in 
refractive index, dielectric constant, and slope of the density curve. G. W. Stewart (Phys. 
Rev., A, 39, 176 (1932)) also has noted a change in the x-ray diffraction at about this tempera- 
ture. The author has found a similar change in the Kerr constant at about this point. The 
method used was a relative one. Light of a narrow range of wave-length was passed through 
two Kerr cells at right angles, one of the cells being at a fixed, the other at a variable tempera- 
ture; and potentials on the cells were adjusted to secure compensation. The square of the 
potential ratio, assuming Kerr's law, varies inversely as the ratio of the Kerr constants. Im- 
pulsive potentials (less than 10~* sec) were used to avoid both heating and possible distortion 
of the electric field. 


104. Magneto-optic rotation by condenser discharge. Francis G. SLACK AND W. M. 
BREAZEALE, Vanderbilt University.—The rotation of the plane of polarization of light produced 
by a condenser discharge across a spark gap has been measured when the condenser discharges 
through a coil surrounding various media of comparatively high Verdet Constants. The set 
up is similar to that used by Dr. Fred Allison (J.A.C.S. 52, 3796 (1930)) except that a Lippich 
double field polarimeter replaces the crossed nicols. Net rotations, positive and negative, are 
found depending on the material in the field and on the constants of the discharge circuit. 
These rotations are not found to depend on the length of the wire path leading to the coil 
unless this materially changes the resistance in the circuit with resulting change of wave form. 
Curves are obtained showing the variation in rotation with resistance, capacity, and inductance 
in the circuit. An unexpected and as yet unexplained phenomenon appears in that with reversal 
of relative direction of net field and direction of light, all other factors held constant, the rota- 
tion in the positive or clockwise direction is greater than that in the opposite direction. Efforts 
to eliminate this asymmetry have to date been unsuccessful. This effect has been found for 
all materials used including carbon bisulphide, toluene, chloroform, and water. 


105. Nature of the phenomena underlying the magneto-optic method of analysis. FrEpD 
ALLISON, J. H. CHRISTENSEN AND GEORGE V. WaLbo, Alabama Polytechnic Institute —F or 
several years investigations have been in progress in this laboratory concerning the nature of 
the physical phenomena which produce the minima of light characteristic of compounds in 
the magneto-optic method of analysis. (Allison, Ind. Eng. Chem. (Analyt. Ed.), 4, 9 (1932)). 
The following theories have been tested experimentally and found inadequate: (a) electro- 
static effects; (b) effects due to scattering, absorption, depolarization, etc.; (c) transverse 
magnetic field effects; (d) effects characteristic of the applied magnetic field itself; (e) poor 
contacts in trolley system and electrical interference. That the phenomena are to be explained 
on the basis of a time lag in the Faraday effect seems to be indicated from the results of vari- 
ous experiments, namely: the minima are observed with the Nicols (a) crossed and the mag- 
netic fields opposing in the two liquids; (b) completely uncrossed and the fields assisting; (c) 
uncrossed at any angle (not approaching +90°), fields opposing. Maxima are observed with 
Nicols (d) crossed, fields assisting; (e) completely uncrossed, fields opposing. With fields 
assisting, when the analyzing Nicol is rotated from the crossed position to angles (f) in the 
direction of the magnetic rotation, minima are observed; (g) in the direction opposite to the 
magnetic rotation, maxima are observed. The minima and maxima coincide for any given 
compound. In uncrossed settings of Nicols, a third Nicol serves to reduce the light to the re- 
quired intensity. 
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106. The magnetic qualities of large artificial graphite crystals. ALEXANDER GOETZ AND 
ALFRED FAEssLER. California Institute of Technology.—A process applicable to any crystalline 
substance showing magnetic anisotropies has been developed. It permits to measure suscepti- 
bilities in different directions with regard to the crystallographic axis for crystals down to 
ultramicroscopic sizes. The process consists of settling the crystal powder of equally sized par- 
ticles in a liquid gelatine solution within the field of a strong electromagnet. After each par- 
ticle has oriented itself by turning its most paramagnetic direction parallel to the lines of 
force, the solution is solidified by cooling and each particle thus is fixed in an isolated but 
crystallographically parallel position with regard to its neighbor. The diamagnetic properties 
of graphite powders are investigated and the critical size below which the crystal diamagnetism 
begins to depend on the size of the individual crystal as well as the dependence of this critical 
size on the field strength were studied. The magnetic anisotropy of these crystals are approxi- 
mately 28, i.e., 4—5 times larger than the values obtained from natural graphite single crystals. 
The experiments seem to give definite proof that the crystal diamagnetism is caused by “free” 
electrons with large paths. 


107. Magnetic discontinuities produced by mechanical deformation. Davip G. C. Luck, 
Massachusetts Institute of Technology—The magnetic discontinuities produced by mechanical 
deformation of various ferromagnetic materials in small magnetic fields have been studied 
oscillographically. These discontinuities have been found to be largely unaffected by external 
magnetic field as long as this is small. Soft substances which have high permeability and posi- 
tive magnetostriction in general show large discontinuities, the magnitude of which varies 
little between quite different substances. Substances which are hard or have low permeability 
or negative magnetostriction in general show no discontinuities. The amplitude of the discon- 
tinuities depends mainly on the rate of mechanical deformation, both for tension and for tor- 
sion of the sample, and is much greater for the first deformation cycle after annealing than for 
succeeding deformations. The effect seems to be distinctly an elastic one, vanishing when plastic 
deformation sets in. It vanishes also if the sample is heated to the Curie temperature. This 
behavior of ferromagnetic material seems explicable on the basis of the Akulov theory of ferro- 
magnetism. 


108. The contribution of free electrons to ferromagnetism. Caro. G. MONTGOMERY, 
Sloane Physics Laboratory, Yale University —The recent experiments of Dorfmann and others 
(Zeits. fiir Physik 70, 796 (1931)) have again raised the question whether free electrons con- 
tribute to ferromagnetism. The specific heat of the free electrons measured by thermoelectric 
data and the calorimetric specific heat both undergo anomalous variations at the Curie point, 
but the exact connection is not clearly understood. As first pointed out by Duhem in 1888, if 
free electrons were directly responsible for ferromagnetism, then when one end of a piece of 
iron is in a stronger magnetic field than the other, there would be a concentration of electrons 
in that end. This would produce a difference in potential between the ends given by the rela- 
tion V=—W2A where dQ is the electrochemical equivalent and W the difference in energy of 
magnetization per gram. An attempt made to find such an effect in iron using a sensitive gal- 
vanometer and an accurate thermostat showed that the effect was less than 5 X 107° volts for 
a field of 15,900 gauss. The potential difference computed by the above expression is of the 
order of 10~‘ volts. This seems to indicate definitely that free electrons are not directly respon- 
sible for ferromagnetism. The analogous effect for dia- and paramagnetics is below the limits 
of these measurements, but as Bitter has pointed out (Phys. Rev. 36, 978 (1930)) it should be 
accessible in some cases. 


109. Line reversal temperature measurements on an internal combustion engine. A. E. 
HERSHEY AND R. F. Paton, University of Illinois.—Engine flame temperatures have been 
determined by one of the authors (results to appear in Ind. and Eng. Chem.) from radiation 
measurements with a thermopile calibrated as a radiation pyrometer and absorption measure- 
ments by the method of Schmidt (Ann. der Phys., 29, 998, (1909)), assuming radiation with, 
only thermal excitation. Since chemiluminescence makes such an assumption open to question 
flame temperatures have now been found by line reversal. Other investigators have used this 
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method for a satisfactory determination of continuous flame temperatures, notably Griffiths 
and Awberry (Proc. Roy. Soc., 123, 401, (1929)). Continuous radiation is passed through the 
flame into which Na has been introduced, the intensity of the continuous radiation being 
varied until the superimposed D line just disappears. The brightness temperature of the source 
of continuous radiation, found with an optical pyrometer, is, with certain corrections, equal 
to the flame temperature. A stroboscopic shutter permits comparison during 2} degrees of 
crank travel at the same point in successive cycles. Temperatures found by the two methods 
agree satisfactorily. With theoretical air-fuel ratio the maximum temperature from radiation 
measurements was 2373°K and from line reversal measurements 2310°K, indicating that the 
effect of chemiluminescence on radiation temperature measurements is negligible. 


110. Development of polar characteristics in insulating oils. W. N. Stoops, Westinghouse 
Elec. & Mfg. Co., East Pittsburgh (Introduced by Chas. F. Hill.)}—The decomposition of 
transformer oils may be followed quite closely by measuring the dielectric constants of the 
oils as they deteriorate in service. The change in dielectric constant of an oil depends both on 
the length of time it has been in service and on the chemical composition of the oil, so that it is 
possible to distinguish between the decomposition rates of different oils. These data are com- 
pared with those obtained on the same oils decomposed very much more rapidly in laboratory 
tests. The change in dielectric constant is definitely correlated with the change in chemical 
characteristics. That the change in dielectric constant of the oils is due to the formation of 
polar molecules is shown by a study of the variation of the dielectric constant and power 
factor of the decomposed oils with temperature and frequency. 


111. Behavior of the copper-cuprous-oxide rectifier at high frequencies. WW. P. PLace, 
Union Switch & Signal Company, Swissvale, Pennsylvania. (Introduced by L. O. Grondahl.)-— 
It has been found experimentally that the copper-cuprous-oxide rectifier, which behaves as 
an asymmetric resistance at ordinary commercial frequencies, has a considerable capacity at 
the rectifying boundary which impairs its rectifying properties at higher frequencies. This 
effect of the capacity on the rectifying properties is due to the fact that its impedance at the 
high frequencies is low enough to become comparable with the resistances of the rectifying 
boundary. At high frequencies the capacity impedance may be considerably lower than the 
reverse current resistance, and at low current densities may even be low compared to the 
forward resistance. By increasing the voltage across the rectifier, the forward resistance can 
be lowered to such an extent that even at high frequencies it becomes small compared to the 
capacitance. When this condition exists, the rectifier functions satisfactorily. An analysis 
with the help of equivalent circuits is presented to illustrate the effect of the static capacity 
on the rectifying properties of a bridge-type rectifier circuit. Curves, both calculated and ex- 
perimental, showing the relation between a-c. and d-c. voltages at different impressed voltages 
and for different frequencies are given. 


112. A method of measuring the short-time D. C. Conductivity of insulating liquids. G. W. 
GARDINER, JR., Bureau of Standards, Washington, D. C—The method consists in comparing 
the short-time direct current through a test condenser containing the liquid with that through 
a guard ring air condenser of negligible conductance. In order to eliminate the displacement 
current, the comparison is made in a bridge having the two condensers in adjacent arms and 
resistance in the other two arms. The bridge is first balanced with an alternating current source, 
which is then replaced by a direct current source controlled by a commutator by means of 
which the direct current potential may be applied once a second for a time which may be 
varied from 0.002 to 0.500 seconds. The change in potential per cycle of the midpoint of the 
two condensers, as determined by a sensitive direct current amplifier measures the average 
irreversible component of the current through the liquid during the time of application of the 
field. 


113. Conductivity of liquid mercury at high temperatures and pressures. FRANCIS BircuH, 
Jefferson Physical Laboratory, Harvard University —The electrical conductivity of liquid mer- 
cury has been measured in the region between 0 and 1100 degrees centigrade, and from 1 to 
4000 atmospheres. In this region the specific resistance increases with temperature, and de- 




















AMERICAN PHYSICAL SOCIETY 1055 


creases with rising pressure. Taking the specific resistance at 0 and 1 atm. as 1.00, the resist- 
ance at 1100° and 1000 atm. is about 4.5, at 1100° and 4000 atm. about 2.9. Both 1/p(dp/8T)» 
and 1/p(dp/dp)r decrease as p increases, and increase as T increases. The boiling curve of mer- 
cury has been retraced, by an electrical method, and indications found of the liquid-vapor 
critical point, at about 1460°C and 1600 atmospheres. The criterion applied was the continuous 
variation of resistance with increasing temperature, at constant pressure. 


114. The electrical conductivity of silicon carbide. R. W. SEARS AND J. A. Becker, Bell 
Telephone Laboratories, Inc-—By measuring the potential between several metallic point 
probes with a vacuum tube potentiometer, the conduction in crystals of silicon carbide has 
been shown to obey Ohm’s law. Specific resistance of a black opaque crystal was found to be 
2.13 ohm cm while for a semi-transparent green crystal it was 0.41 ohm cm. The resistance is 
independent of direction of current flow. The rectification and non-linearity exhibited by over- 
all current-voltage curves between two contacts on these crystals resides in the large potential 
drop at the contact junctions. Exploration of various crystal surfaces with a needle-point 
contact showed that the resistance of this contact varies greatly from one portion of a surface 
to another and from crystal to crystal. A 0.002 cm displacement of the point contact on smooth 
surfaces sometimes caused the resistance to change by factors as large as 10,000 while on others 
it was fairly uniform over large areas. Momentarily applying a large voltage across the con- 
tact greatly reduces its resistance and makes it ohmic for small currents. 


115. Potential distributions in large cylindrical disks with partially penetrating electrodes 
Morris Muskat, Gulf Research Laboratory.—The equivalence of the fluid pressure in a liquid 
bearing sand to a velocity potential gives practical significance to the potential problem of a 
conducting electrode partially penetrating a large cylindrical disk. A detailed investigation 
has been made of the potential distributions in such disks for various degrees of electrode 
penetration. Separate formulas were derived for studying the potential very near the electrode 
and at large distances from it. An approximation method was developed for determining the 
proper flux distribution along the electrode surface so as to make its potential uniform. The 
resistances of the disk for various electrode penetrations and disk thicknesses were computed 
and a semi-empirical approximation developed for evaluating the resistance without the neces- 
sity of going through the details of the analysis. 


116. Some physical properties of compressed hydrogen. W. Epwarps DEMING AND 
Lota E. Suupe, Bureau of Chemistry and Soils, Washington, D. C-—The compressibility data 
on hydrogen taken at the Reichsanstalt, the Leiden and the Fixed Nitrogen Research Labora- 
tories are smoothed and extrapolated to cover the range —215°C to 500°C, and to 1200 at- 
mospheres pressure. A sensitive graphical method is used for obtaining derivatives, and these 
with certain thermodynamic relations give physical properties of the gas. The properties so 
calculated are temperature and pressure expansion coefficients, fugacity, heat capacities at 
constant pressure and volume and the Joule-Thomson coefficient. It was not possible to extend 
calculations on heat capacities and the Joule-Thomson coefficient below —75°C. The physical 
properties that are calculated by this method are listed in a table or shown by graphs. The 
change in C, at —75°C amounts to 0.95 cal/mole degree over the 1200 atmosphere pressure 
range. At higher temperatures, pressure causes a much smaller change; at 500°C, C, increases 
only 0.08 as the pressure is increased to 1200 atmospheres. C, at 25, 50, 75, - - -, 800 atmos- 
pheres increases rapidly with temperature from —75° to 100° and thereafter increases slower. 
The Joule-Thomson coefficient is negative from —75° to 500° up to 1200 atmospheres. 


117. Wall effects in ionization electroscopes. E. J. WorKMAN, National Research Fellow, 
California Institute of Technology.—Cylindrical ionization chambers with different wall thick- 
nesses of aluminum and iron were used for measuring the ionization produced by gamma-rays 
from radium. The ionization was measured with a deflecting element of the single fiber type. 
The chambers contained 630 cc of air at atmospheric pressure. The ionization increased rapidly 
with increase of wall thickness. With gamma-radiation filtered through 1.27 cm of lead, the 
ionization with aluminum walls increases by 72 percent at a wall thickness of 0.13 cm, then 
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falls off rather sharply to 68 percent excess at 0.19 cm. The ionization then decreases gradually 
until at a wall thickness of 2 cm, although no correction for absorption of the radiation by the 
walls is made, the ionization is still 50 percent greater than is observed with the thinnest wall. 
Iron shows a greater effect, the ionization-wall thickness curve showing a sharp maximum, with 
an increase of 89 percent at 0.38 cm wall, and evidence of another maximum (86 percent at 
(86 percent) at 0.13 cm. For thicknesses above 0.15 cm the curve falls gradually, showing a 35 
percent excess at 1.37 cm wall thickness. The wall effect is increased by increasing the hardness 
of the radiation. These results show that the ionization produced by the hard gamma-rays in 
the gas of an ionization chamber is due largely to secondary and tertiary effects originating in 
the walls of the chamber. 


118. Cosmic-ray energies and their bearing on the nature of these rays. Roper: A. 
MILLIKAN AND Cart D. ANDERSON, California Institute of Technology.—About nine-tenths of 
cosmic-ray energy tracks fall in the region bet ween 7 and 500 million volt electrons. About one- 
tenth of the tracks seem to correspond with energies of the order of a billion, 10°, volts. All 
the tracks seem to be best interpreted from the standpoint of the photon theory of the nature 
of the rays. The rays are absorbed primarily by the nucleus, rather than by extranuclear elec- 
trons as heretofore supposed, and the fact that the nucleus, a massive object, is disintegrated 
means that it is able to absorb practically the whole of the incident energy, so that the maximum 
value of the measured energy may well be approximately the actual energy of the incoming 
photons. 


119. A formal macroscopic approach to quantum phenomena. Ww. Bexper, University of 
Chicago.—_Employing the transformation of the form 
fa =NaBatea 
between coordinate (amorphous) and metered (empirical) space, in which By is a quantum 
relative to a scale; mq the ordinal number of the last scale mark of the reading; and ¢€, an esti- 
mate made by an observer, a metric for metered space is set up: 
(nB+6)?=e9;;(n'Bi+e') (WB +e) 
This quadratic form in finite differences is taken to be invariant analogous to the invariance of 
ds in ds?=eg;,)dx'dx' of metrical space. For light propagation nB+e«=0 and for a geodesic 
5(nB+e) = +B. In (2), B is shown to be an absolute kinematical quantum, » an absolute quan- 
tum number, and ¢ a spacetime uncertainty. The physical interpretation of B is given by con- 
sideration of an array of light-connected Michelson octagonal mirror clocks considered syn- 
chronized when a steady, sharp, return image is realized by an observer at any clock of the 
array. It will be found by any observer that all the inter-clock optical paths are an integral 
multiple of B, which is found to be the smallest inter-clock optical path. This light-velocity 
effect is generalized leading to a spacetime-matter quantum principle. 


120. A method for measuring the power factor of a condenser. ARTHUR W. Situ, Univer- 
sity of Michigan.—The power factor of a condenser, C, can be measured directly in terms of a 
variable self inductance, L, in a parallel circuit. In series with C is a non-inductive resistance R, 
and in series with ZL is a resistance S and one coil of a mutual inductance, M. The inductance, 
L’, of the latter coil must be somewhat less than M. These two parallel circuits look somewhat 
like a Wheatstone bridge, but there is no point on the inductive circuit that separates the resis- 
tance from the inductance. Therefore the other coil of the mutual inductance is connected in 
series with the telephone to introduce an e.m.f. that will just balance the effect of L’, and any 
other constant inductance in this circuit. The power factor of a condenser is conveniently repre- 
sented in terms of a resistance N in series with the condenser, and this is measured by the rela- 
tion N=L R/M. When the ratio R/ M is set at 10 or 100 the value of N is read directly on the 
scale of the inductance L. 


121. A proposal to abolish the absolute electrical dimension systems. E. WreBER, The 
Polytechnic Institute of Brooklyn. (Introduced by W. L. Severinghaus).—A physical quantity is 
given by numerical value and unit. All the possible units of a quantity are defined as its “di- 
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mension.” The physical quantities are involved in theoretical laws and definitions. The proper 
combination of all known relations permits a reduction of all dimensions used to a set of a few 
independent dimensions, which is then called a dimension system. In mechanics, three funda- 
mental dimensions are necessary to form a dimension system, whereas in heat, as well as in 
electromagnetism, four fundamental dimensions are required. The paper proves that the at- 
tempt to reduce the four required fundamental dimensions in electromagnetism to only three 
independent dimensions leads to many contradictions, and even incorrect results. It is, there- 
fore, proposed to abolish the absolute dimension systems and to introduce two new dimension 
systems, based upon the two dimension systems of mechanics, known as the physical and the 
technical dimension systems. The former consists of the fundamental dimensions of mass, 
length and time; and latter of force, length and time. Adding electric charge as a new dimension, 
two dimension systems are obtained, which may be called the electrophysical and electro- 
technical, respectively. In the former all the unit names now used in the absolute dimension 
systems are defined on the basis of the four fundamental dimensions. The electrotechnical 
system uses all the so-called practical units, but again on the basis of the four respective 
fundamental dimensions. This proposal at once reconciles the inconsistencies which now cause 
so much trouble. 


122. X-ray energy levels by the Fermi-Dirac Theory. R. D. Ricutmyer, Cornell Univer- 
sity.—Dirac's relativistic wave equation for the electron has been treated in the general case of 
central symmetry by C. G. Darwin, resulting in the two radial equations 


2rfwtel(r) dG(r) ok 

—| —— +c }F(r)+———-——-G(r) =0 
h c dr r 

2r/ W+eV(r) dF(r) k+2 


——| —————— - nc G(r) + —— + —— F(r) = 0 
h c dr r 


These equations have been solved for the K energy level of Cu, using as potential function a 
modification of the Fermi potential function. The method of solution is one devised by Dr. 
Louis C. Roess and Professor E. H. Kennard. The value of 1” which gives F and G integrable 
quadratically is found to lie between the experimental value and a value 0.35 percent lower. 
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R. M. Zable 1049(A) 

Reflection of Tl, Sb, and Pb from a NaCl crystal, 
J. M. B. Kellogg —-1049( A) 


Atomic structure (see Energy states of atoms; 
Spectra) 


Atomization 


Mechanism accompanying solid injection, R. A. 


Castleman, Jr.—1025(A) 


Atmosphere (see Meterology) 
Atmospheric electricity (see also Geophysics; Aurora; 
Meteorology) 
lonization of the upper atmosphere, E. O. Hul- 
burt—-129(A) 
Lightning discharges and the electrical field of 
thunderstorms, J. C. Jensen —1013(L) 


Biophysics 

Comparison of effects produced by x-rays and 
gamma-rays, G. Failla—1033(A) 

Crystal structure of insulin, G. L. Clark, K. E. 
Corrigan—639(L) 

Dispersion of small liquid systems, N. Rashevsky 

132(A) 

Reduction by x-rays of aqueous solutions and 
influence of organic substances, H. Fricke, M. 
Washburn—-1033(A) 

Size of gene, energy of mutation, O. Blackwood 
1034(A) 

Surface forces of the sea urchin egg, K. S. Cole 


131(A) 
Theoretical physics and cell physiology, N. 
Rashevsky—133(A) 


Book Reviews 

Angerer, E. V. Wissenschaftliche Photographie. 
Eine Einfuehrung in Theorie und Praxis —117 

Auerbach, F. and W. Hort. Handbuch der Physi- 
kalischen und Technischen Mechanik—887 

Berthoud, A. Matiere et Atomes. Second Edition 

321 
Boutaric, A. Les Colloides et L’Etat Colloidal—475 
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Book Reviews (continued) 

Bruhat, Georges. Le Soleil —642 

Fraser, G. J. Molecular Rays—322 

Gmelins Handbuch der Anorganischen Chemie. 
Eighth Edition. System-Nummer 7: Brom.—117 

Hobson, E. W. The Theory of Spherical and 
Ellipsoidal Harmonics —322 

Newton, Sir Isaac. Opticks: Or, a Treatise of the 
Reflections, Refractions, Inflections and Colours 
of Light-—474 

Ostwald, W. Kolloidwissenschaft, Elektrotechnik 
und Heterogene Katalyse—642 

Person, Fred G. General Physics for Home Eco- 
nomics Students—-322 

Rakshit, J. N. Association Theory of Solution and 
Inadequacy of Dissociation Theory —475 

Saha, M. N. and B. N. Srivastava. A Text Book of 
Heat—888 

Shorter, L. R. Introduction to Vector Analysis 
474 

Simon, H. and R. Suhrmann. Lichtelektrische 
Zellen und Ihre Anwendung —641 

Spinney, L. B. A Text Book of Physics—474 

Stark, J. Atomstrukturelle Grundlagen der Stick- 
stoffehemie—321 

Stark, J. Fortschritte und Probleme der Atom 
Forschung—-321 

Veroffentlichungen den Wissenschaftlichen Zen- 
tral Laboratoriums der Photographischen Ab- 
teilung AGFA. Band II—-117 

Weizel, W. Bandenspektren. Band I. Handbuch 
der Experimentalphysik Erg.—642 


Broadening of spectral lines 


Imprisonment of resonance radiation, C. Kenty 
633(L) 
And pressure shift, H. Margenau—387 ; 1036(A) 


Capillary action (see also Surface tension) 
At low pressures, F. W. Constant-—1027(A) 


Chemical reactions 


Disappearance of Hy, in the presence of K or Li 
ion sources, C. H. Kunsman, R. A. Nelson 
128(A); 936 

Reaction rate from sound velocity measure- 
ments, D. G. C. Luck —125(A); 440 


Cold emission (see Discharge of electricity in high 
vacua; Thermionic emission; High voltage 
tubes; and Machines) 


Collisions of second kind 


Involving ionization and excitation, K. B. Thom- 
son, O. S. Duffendack—1042(A) 


Collision phenomena 
And double Stern-Gerlach experiment, N. Rosen, 
C. Zener—502; 1036(A) 
Theory of inelastic collisions, E. C. G. Stueckel- 
berg —1036(A) 


Colloids 
Dielectric behavior, J. B. Miles, Jr., H. P. Robert- 
son—583 


Combustion 
Temperature measurements on an internal com- 
bustion engine, A. E. Hershey, R. F. Paton 
1053(A) 


Compton effect (see X-rays, diffraction, scattering 
etc.) 


Constants, physical 


Probable values of e, , e/m and a, R. T. Birge 
228; 319(L) 


Cosmic radiation 

Analysis of observations, L. D. Weld—-713 

Coincidence of two G. M. counters, J. C. Street, 
T. H. Johnson—1048(A) 

Dependence of ionization produced upon pres- 
sure and temperature, J. W. Broxon —1022(L) 

Detection of individual rays, W. F. G. Swann, 
J.C. Street —1049(A) 

Energies and nature of rays, R. A. Millikan, C. D. 
Anderson—1056(A) 


Cosmic radiation (continued) 

Factors influencing ionization, J. C. Stearns, 
W. Overback— 630(L) 

Loss of energy by fast electric particles, E. J. 
Williams— 881(L) 

Multiple secondaries in Pb, T. H. Johnson, J. C. 
Street —-038(L) 

Nature of the secondary radiation, T. H. John- 
son—468(L) 

Photographing tracks of corpuscular rays, T. H. 
Johnson, W. Fleischer, Jr., J.C. Street 1048(A) 

Photon and neutron hypotheses, R. A. Millikan, 
C. D. Anderson—-325 

Wall effects in ionization electroscopes, E. J. 


Workman-—1055(A) 


Crystals and crystal structure 
Atomic arrangement and the number of valence 
electrons, W.H. Zachariasen-— 914 
Bi crystals grown within and outside a magnetic 
field, A. Goetz, R. C. Hergenrother 137 
Calculated and observed grating constants, Yuch- 
ing Tu—662 
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Crystals and crystal structure (continued) 
Cold working of Ag, H. Margenau—800 
Deposition upon monocrystalline hemispheres of 

Zn, P. A. Anderson—596 
Forms of Te, P. I. Wold—128(A) 
Of GeS, W. H. Zachariasen—917 
Graphical projection method, D. 

1030(A) 

Of insulin, G. L. Clark, K. E. Corrigan—639(L) 
Of K.S.05, W. H. Zachariasen—113(L); 923 
Lattice energy constants, R. H. Canfield —1034(A) 
Lorentz double refraction, F. Seitz—1036(A) 
Minerals of the sodalite family, T. F. W. Barth 

1034(A) 

Molecular rotation in solid state, F. C. Kracek 

T. F. W. Barth, C. J. Ksanda—1034(A) 
Molecular structure of ice and water, E. L. Kin- 

1035(A) - 

Mosaic structure in Co, F. Bitter 


McLachlan 


sey, O. L. Sponslor 
125(A) 
Mosaic structure of calcite, S. K. Allison—1032(A) 
Orientations forming in Ag-Cu during precipita- 
tion, C. S. Barrett, H. F. Kaiser—1035(A) 
Plastic workings of Mg-alloys, L. G. Morell, J. D. 
Hanawalt—1035(A) 
Secondary and mosaic structure, F. Zwicky—63 
Thermal expansion of Bi single crystals, A. Goetz, 
R. C. Hergenrother—643 


Critical potentials (see Potentials, critical) 


Dielectric constants 


Of dichlorethane, dibromethane, chlorobrometh- 
ane, and diacetyl; free rotation, C. T. Zahn— 


291 
Polar characteristics of insulating oils, W.N. 
Stoops—1054(A) 


Statistical calculation, O. Halpern—134(A) 


Dielectrics and dielectric properties 
Behavior of colloidal particles with an electric 
double-layer, J. B. Miles, Jr., H. P. Robert- 
son—583 


Losses in insulating materials, H. H. Race—124 
(A) 
Losses in rocksalt, P. L. Bayley—120(A) 


Diffraction of atoms (see Atomic and molecular 
beams) 


Diffraction of electrons (see Electrons, diffraction) 


Diffusion 
Mobility of Cs atoms adsorbed on W, I. Lang- 
muir, J. B. Taylor—463(L) 
Technique for the separation of the isotopes of 
hydrogen, R. M. Langer—1047(A) 
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Dimensions and dimensional analysis 


Proposal to abolish the absolute electrical dimen- 


1056(A) 


sion systems, E. Weber 


Discharge of electricity in gases (see also Arcs; 

Electrons in gases; Electrodeless discharge) 

Dark current time in condensed discharges, L. B. 
Snoddy —409 

Disappearance of gas in discharge tubes, A. W. 
Hull, E. E. Burger—1044(A) 

Discharge characterized 
from the walls, I. Langmuir, C. G. Found 
129(A) 

Energy distribution in positive column, F. L. 
Mohler—122(A) 

Intermediate free path case in the theory of a 

1046(A) 
Propagation of luminosity in discharge tubes, J. 

W. Beams, M. Podtiaguine—129(A) 


by electron emission 


plasma, L. Tonks 


Discharge of electricity in high vacua (see also 
Thermionic emission; High voltage tubes and 
Machines) 

Effect of the target on breakdown, W. H. Ben- 
nett—416; 1043(A) 


Dispersion 
Of celluloid between 300A and 1000A, H. M. 
O’Bryan—123(A) 
Of oxygen in the ultraviolet, R. Ladenburg, G. 
Wolfsohn—123(A) 


Dissociation 
Heat of Naz from magnetic rotation spectrum, F. 
W. Loomis, R. E. Nusbaum—380 
Of the carboxyl group in amino acids, G. A. An- 
slow—115(L); 639(L) 


Dynamics 
Motion of Chladni plates, R. C. Colwell—125(A), 
1026(A) 


Effervescence 


Mechanics of effervescence, O. Stuhlman, Jr.— 
1026(A) 


Elasticity 
Secondary structure of crystals, F. Zwicky—63 


Electrical conductivity and resistance 
Of liquid Hg at high temperatures and pressures, 
F. Birch—1054(A) 
Nature of electrical contact between metals, T. H. 
Osgood, E. Hutchisson—129(A) 
Of silicon carbide, R. W. Sears, J. A. Becker — 
1055(A) 
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Electrical circuits 
Network equivalent of a piezoelectric resonator, 
K.S. Van Dyke—1026(A) 
Principles of a new portable electrometer, R. 
Gunn—307, 1031(A) 


Electrodeless discharge 


Electrostatic and magnetic components in the dis- 
charge, C. T. Knipp, V. M. Smith—1046(A) 


Electromagnetic theory 


Torque on magnet carrying current, J. Zeleny, L. 
Page—299 


Electrons 


Dirac electron in simple fields, M. S. Plesset— 
1030(A) 


Electron diffraction 

Angular distribution of electrons scattered in Hg 
vapor, J. T. Tate, R. R. Palmer—731; 1042(A) 

By a Au crystal, H. E. Farnsworth—1049(A) 

By metal surfaces, C. J. Davisson, L. H. Germer— 
124(A) 

By single crystals of Cu and Ag, H. E. Farns- 
worth—684 


Electrons in metals 


Thermal agitation, N. H. Williams, E. W. 
Thatcher—121i(A) 


Electrons, secondary 
As a function of primary energy, P. L. Copeland— 
122(A) 
Influence of the electrical discharge on the second- 
ary emission, W. J. Jackson—1043(A) 
From Ni when bombarded by positive Li ions, W. 
S. Stein—425 


Electron tubes (see Discharge of electricity in high 
vacua; Vacuum tubes) 


Electro-optical effects (see also Photoelectric effect 
and properties) 
Kerr effect and molecular field in Rochelle salt, 
H. Miiller—1051(A) 
Variation in the Kerr constant of nitrobenzene 
with temperature, H. Trotter, Jr.—1052(A) 


Electrostatics 
Potential distributions in cylindrical disks with 
penetrating electrodes, M. Muskat—1055(A) 
e/m 
Probable values of e, h, e/m and a, R. T. Birge— 
228; 319(L) 
From x-ray dispersion measurements, E. Backlin 
—112(L), J. A. Bearden—471(L) 





Elements 
Positive ions of mass 220, L. L. Barnes, R. C. 
Gibbs—318(L) 
Energy states of atoms (see also Atomic structure; 
Spectra, atomic) 
Configurations involving almost closed shells, G. 
H. Shortley—1030(A) 
Lower limit for the ground state of He atom, D. H. 
Weinstein—797 
Theory of the atom of energy, E. K. Plyler—1029 
(A) 
Entropy 
Of N.O and COs, W. H. Rodebush—113(L) 


Equations of state 


Of a nonideal Einstein-Bose or Fermi-Dirac gas, 
G. E. Uhlenbeck, L. Gropper—1029(A) 


Errata 
Dissociation of the carboxyl group in amino acids, 
G. A. Anslow—639(L) 
Inelastic and elastic electron scattering in A, A. 
L. Hughes, J. H. McMillen—469(L) 


Evaporation 


Of Cs atoms adsorbed on W, I. Langmuir, J. B. 
Taylor—463(L) 

And migration of Th on W, W, H. Brattain—1044 
(A) 

Surface energy and heat of vaporation, L. S. 
Kassel, M. Muskat—131(A); 627 


Excitation of atoms and molecules 


Concentration of excited atoms in a Cs are, F. L. 
Mohler—1042(A) 

Mean lives of Hg lines \2537 and 41849, Paul H. 
Garrett—779 


Faraday effect (see Magneto-optical effects) 
Ferromagnetism (see Magnetic properties) 


Field currents (see Discharge of electricity in high 
vacua) 
Flames 
Luminosity with Na vapor, T. W. Bonner—105 


Galvanomagnetic effects 


Radial induced electromotive force, C. A. Beck— 
607 


Gamma-rays (see also Radioactivity) 
Comparison of effects produced by x-rays and 
y-rays, G. Failla—1033(A) 
Of Ga II and In II, J. S. Campbell—1040(A) 
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Gamma-rays (see also Radioactivity) (continued) 


Induced temporary radioactivity, G. L. Locher 


884(L) 
y-radiation and nuclear structure, P. G. Kruger 
318(L) 
Wall effects in ionization electroscopes, E. J. 
Workman— 1055(A) 
Gases 


Accommodation coefficient of H., K. B. Blodgett, 
I. Langmuir— 78 

Accommodation coefficient of monatomic gases, 
C. Zener, 335, 1016(L); W. C. Michels— 472(L) 

Disappearance of H, in the presence of K or Li 
ion sources, C. H. Kunsman, R. A. Nelson 
128(A); 936 

Equation of state of a nonideal Einstein-Bose or 
Fermi-Dirac gas, G. E. Uhlenbeck, L. Gropper 

1029( A) 

Graphical presentation of compressibility data, 
W. E. Deming, L. E. Shupe—-1028(A) 

Mean free paths, J. A. Eldridge — 1050(A) 

Physical properties of compressed gases, hy- 
drogen, W. E. Deming, L. E. Shupe— 848; 1055 
(A) 

Transport and 

Fermi-Dirac gases, E. A. Uehling, G. E. Uhlen- 


phenomena in Einstein-Bose 


beck 1029(A) 
Gravitation 
Relationship to electromagnetism, W. A. Tripp 
1028(A) 
Hall effect 


With audiofrequency currents, L. A. Wood 128 
(A) 

Dependence on intensity of magnetization, E. M. 
Pugh, T. W. Lippert—1051(A) 

In tellurium, P. I. Wold —128(A) 


Heat of dissociation (see Dissociation) 


High pressure phenomena 
Apparatus for optical studies, T. C. Poulter- -860 
Lens effect of pressure windows, T. C. Poulter, C. 
Benz—872 
Permeability of glass and fused quartz to ether, 
alcohol, and water, T. C. Poulter, R. O. Wilson 
877 
High voltage tubes and machines 


Effect of the target on breakdown, W. H. Ben- 
nett—416; 1043(A) 


Hydrodynamics 


Characteristics of symmetrical hydrofoils, R. C. 
Darnell 


1027(A) 
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Flow of liquids through porous materials, R. D, 
Wyckoff, H. G. Botset, M. Muskat —-1027(A) 


Hyperfine structure 
Of 43007 in Biarc, R. F. Bacher, J. Wulff-—--123(A) 
Isotope displacements in Pb, J. L. Rose, L. P. 
Granath— 467(L); 760 

Nuclear moment of Be, A. E. Parker—1014(L) 

Paschen-Back effect, polarization of D lines, L. 
Larrick—-1041(A) 

And the polarization of Hg resonance radiation, 
A. C. G. Mitchell —964 

Test of theory, R. F. Bacher, J. 
1040( A) 

Of VI, H. E. White 


S. Campbell 


1041(A) 


Indetermination principles (see Quantum mechanics, 
general) 


Intensities in spectra (see also Spectra, etc.) 

Of infrared absorption bands, L. A. Matheson 
813 

Of intercombination lines, H. C. Wolfe—1037(A) 

lonization and excitation by collisions of second 
kind, K. B. Thomson, O. S. Duffendack—1042 
(A) 

Multiplet transitions in complex spectra, C. W. 
Utford—974 

Quantitative spectrographic analysis, O. S. 
Duffendack, R. A. Wolfe—1038(A) 

Theory of complex spectra, M. H. Johnson, Jr. 


133(A) 


Ionization by impact (see also Ionization potentials) 
And dissociation of benzene, E.G. Linder—1045(A) 


Of Hg by K* ions, C. Frische —1050(A) 


Ionization by radiation (see Photoionization) 


Ionization potentials 


Of molecular He, W. Bleakney 
Of radon, H. Yagoda—316(L) 


496 


Ions, high speed 
Loss of energy by fast electric particles, E. J. Wil- 
liams—881(L) 
Production without the use of high voltages, E. O. 
Lawrence, M.S. Livingston—19 


Ions in gases 
Motion of K* ions in Hg vapor, C. Frische —1050 
(A) 

Number of Langevin ions in the free atmosphere, 
G. R. Wait, O. W. Torreson—1046(A) 

Wall effects in ionization electroscopes, E. J. 
Workman—1055(A) 
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Ions, mobility (see also Ions in gases) 

Absolute values in pure gases, N. E. Bradbury 
508 

Mobility of Cs atoms adsorbed on W, I. Lang- 
muir, J. B. Taylor -463(L) 

Mobility in gaseous mixtures and aging in pure 
gases, N. E. Bradbury—524 

Photoelectric currents in gases between parallel 
plates, N. E. Bradbury—980 


Isotopes 

Of Cu, E. R. Bishop—16 

Displacements in the hyperfine structure of Pb, 
J. L. Rose, L. P. Granath—467(L); 760 

Of Ge, C. V. Shapiro, R. C. Gibbs, A. W. Lauben- 
gayer—354 

Of H*, H. C. Urey, F. G. Brickwedde, G. M. 
Murphy —1; 464(L) 

Of H as studied with a mass-spectrograph, W. 
Bleakney—-130(A) 

Relative abundance of isotopes in natural H, C. 
A. Bradley, Jr., H. C. Urey—889 

Technique for the separation of the isotopes of H, 
R. M. Langer—-1047(A) 


Kerr effect (see Electro-optical effects) 
Kinetic theory of gases (see Gases) 


Light waves 


Aberration of the second order, N. Gallishohat 
1028(A) 


Liquids (see also Hydrodynamics) 
Dispersion of small liquid systems, N. Rashevsky 
132(A) 
Jonization of organic acids, H. M. Smallwood 


128(A) 


Luminescence 


Of glass, fluorite and quartz, T. Lyman—122 (A); 
578 


Magnetic properties 

Contribution of free electrons to ferromagnetism, 
C. G. Montgomery—1053(A) 

Discontinuities produced by mechanical deforma- 
tion, D. G. C. Luck—-1053(A) 

Of large artificial graphite crystals, A. Goetz, A. 
Faessler-—— 1053(A) 

Of magnetite crystals at low temperature, Ching 
Hsien Li--1002 

Paramagnetic susceptibilities in crystals, O. M. 
Jordahl, W. G. Penney, R. Schlapp—637(L) 

Statistical calculation, O. Halpern—-i34(A) 

Temperature changes accompanying magnetiza- 
tion, A. Townsend—-120(A) 


Magneto-optical effects 

Phenomena underlying the magneto-optic method 
of analysis, F. Allison, J. H. Christensen, G. V. 
Waldo—1052(A) 

Rotation by condenser discharge, F. G. Slack, W. 
M. Breazeale—1052(A) 

Time lag in the Faraday effect, F. Allison, J. L. 
Condon—1021(L) 

Transformation products of K detected, F. Al- 
lison, R. Goslin—1015(L) 


Magnetostriction 
Joule magnetostrictive effect in Co-Fe, S. R. Wil- 
liams—120(A) 


Mass-spectrographs (see also Methods and instru- 

ments) 

For low pressure measurements, W. Bleakney 
496 

A new type. W. R. Smythe, J. Mattauch—429 

Positive ions of mass 220, L. L. Barnes, R. C. 
Gibbs —318(L) 

Study of ionization and dissociation of benzene by 
electron impact, E. G. Linder—1045(A) 


Mechanics (see Dynamics) 


Mechanics, quantum—atomic structure and spectra 
Atomic energies for configurations involving al- 
most closed shells, G. H. Shortley—1030(A) 
Intensities of multiplet transitions in complex 
spectra, C. W. Ufford-—974 

Lower limit for the ground state of He atom, D. 
H. Weinstein-——797 

Pressure shift and broadening, H. Margenau 
387; 1036(A) 

Spin-orbit interaction, M. H. Johnson, Jr.—127 
(A) 

Theory of complex spectra, M. H. Johnson, Jr. 
133(A), G. H. Shortley—185 

Wave functions, analytic, ]. C. Slater—126(A) 

Wave functions for many electron atoms, L. A. 
Young—-127(A) 

X-ray levels by Fermi-Dirac theory, R. D. Richt- 
myer—-1057(A) 


Mechanics, quantum general 

Accommodation coefficient, C. Zener—335; 1016 
(L); W. C. Michels—472(L) 

Collision phenomena, N. Rosen, C. Zener—502; 
1036(A) 

Comparison of results of Sugiura and Sommerfeld 
on the production of x-rays, L. P. Smith—885 
(L) 

Dirac electron in simple fields, M. S. Plesset 

1030(A) 
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Mechanics, quantum—general (continued) 

Exchange of translational and vibrational energy, 
O. K. Rice—126(A) 

Formal macroscopic approach to quantum phe- 
nomena, W. Bender—1056(A) 

Gamow’s treatment of radioactive disintegration, 
G. Breit—127(A) 

Reflection of atoms from crystals, C. Zener—126 
(A); 178 

Relativity and the uncertainty principle, N. 
Rosen, M.S. Vallarta—127(A); 569 

Scattering of slow electrons, E. Feenberg—40 

Torsion oscillator-rotator, H. H. Nielsen—445 

Transmission and reflection of wave packets by 
potential barriers, L. A. MacColl—621 


Mechanics, 
spectra 


quantum—molecular structure and 


Energy level formula of a rotating vibrator, J. L. 
Dunham—126(A) 

Equivalent chemical bonds formed by s, p, and d 
eigenfunctions, R. Hultgren—891 

Of lithium hydride, E. Hutchisson, M. Muskat— 
340 


Mechanics, statistical 

Assemblies containing crystals, T. E. Sterne— 
1030(A) 

Mixed crystals, T. E. Sterne —133(A) 

Quantum correction for thermodynamic equilib- 
rium, E. Wigner—749 

Transport phenomena in Einstein-Bose and 
Fermi-Dirac gases, E. A. Uehling, G. E. Uhlen- 
beck—1029(A) 


Metastable atoms and molecules 
Afterglow of Hg resonance radiation, E. W. Sam- 
son—940 
Electron emission by metastable atoms, E. W. 
Pike—314(L) 
Size of the Hg atom, H. W. Webb, H. A. Mes- 
senger—466(L) 


Meteorology 

Current-system of the upper atmosphere, A. G. 
McNish—1046(A) 

Ionization of the upper atmosphere, E. O. Hul- 
burt—129(A) 

Lightning discharges and the electrical field of 
thunderstorms, J. C. Jensen—1013(L) 

Ultraviolet transmission of the atmosphere, R. S. 
Rockwood, R. A. Sawyer—1047(A) 


Visibility as function of dust and humidity, M. T. 
Riley—1047(A) 
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Methods and instruments 


Calculation of probable errors, R. T. Birge—207 

Computing lattice energy constants, R. H. Can- 
field —1034(A) 

Principles of a new portable electrometer, R. 
Gunn—307; 1031(A) 

Graphical presentation of compressibility data, 
W. E. Deming, L. E. Shupe—1028(A) 

He filled G.M. tube counters, J. A. Bearden, C. L. 
Haines—1048(A) 

Large Geiger counters, W. F.’G. Swann, J. C. 
Street—1049(A) 

Least square adjustment of observations, L. D. 
Weld—713 

Lens effect of pressure windows, T. C. Poulter, C. 
Benz—872 

Line reversal temperature measurements, A. E. 
Hershey, R. F. Paton—1053(A) 

Mass-spectrograph, K. T. Bainbridge—130(A) 

Measurements of small currents using pliotron 
tubes, L. R. Hafstad—1044(A) 

Measurement of vacuum conditions in finished 
(sealed-off) vacuum tubes, H. J. Miller—1043(A) 

Measurements on height of drop of Hg, M. 
Kernaghan—1020(L) 

Measuring power factor of a condenser, A. W. 
Smith—1056(A) 

Method of determining the coordinates of point- 
groups, D. McLachlan—1030(A) 

Nature of errors of gratings, R. W. Wood—1038(A) 

New low noise vacuum tube, G. F. Metcalf, T. M. 
Dickinson—134(A) 

New mass-spectrometer, W. R. Smythe, J. Mat- 
tauch—429 

Obtaining the derivative function from data of 
observation, G. Rutledge—262 

Optical studies at high pressure, T. C. Poulter— 
860 

Photographing tracks of corpuscular rays. T. H. 
Johnson, Willis Fleischer, Jr., J. C. Street— 
1048(A) 

Portable cosmic-ray counter, J. C. Street, T. H. 
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Methods and instruments (continued) 
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Quenching of radiation 

Of Hg resonance radiation by H2, CO, and No, J. 
S. Owens, O. S. Dutfendack—1042(A) 
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Resonance radiation 
Afterglow of Hg radiation, temperature and N, 
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Spectra, atomic (continued) 
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Thermal expansion 
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